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CRIPTO:  A  TARGET  for  BREAST  CANCER  TREATMENT 

INTRODUCTION 

This  study  was  delayed  in  starting  by  one  year  because  of  lack  of  a  suitable  post-doctoral 
associate  to  perform  the  laboratory  work.  Dr  Min  Li  has  been  working  on  the  project  since 
July,  2002,  and  we  are  now  making  the  final  report  for  June  30,  2004. 

Cripto  is  a  known  requirement  for  development  of  the  early  embryo  and  for  the  development 
of  the  normal  mammary  gland.  If  this  gene  is  reactivated  aberrantly,  it  contributes  to  breast 
cancer  cell  growth  and/or  survival.  This  has  been  known  for  some  time.  But  the  receptor  for 
Cripto  remained  unknown  until  recently  and  the  mechanism  of  its  interaction  has  just  been 
evaluated  through  a  study  of  the  molecular  structure  of  Cripto. 

We  reported  last  year  that  the  literature  meanwhile  has  described  a  few  important  advances 
of  how  Cripto  interacts  with  the  mammary  and  other  cell  types.  Cripto  (CR1  or  Crl  (mouse)) 
acts  as  both  a  ligand  and  a  co-receptor  in  the  stimulation  of  cells  and  the  generation  of  a 
signal  to  redirect  the  behavior  of  breast  cancer  (and  colon)  cancer  cells.  With  the  cell  line 
that  we  used  we  were  not  able  to  reproduce  the  published  results  showing  that  Cripto 
induced  increased  proliferation  and/or  survival  in  culture  as  described  (Bianco  et  al.,  2001; 
Wechselberger  et  al.,  2001).  We  found  that  the  cell  line  was  heterogenous  and  discontinued 
its  use.  However,  even  for  the  cloned  line  that  we  obtained  that  was  derived  from  the  same 
NmuMG  line,  and  also  for  the  human  breast  cancer  cell  line,MCF7  cells,  Dr  Li  was  unable  to 
find  the  same  responses  to  over-expressed  cripto  and  mutant  cripto  as  published  (De  Luca 
et  al.,  1999).  We  reported  last  year  these  difficulties  at  length.  Several  excellent  papers  on 
Cripto  have  been  published  by  other  groups  that  have  used  different  approaches  to  achieve 
similar  goals.  Therefore,  we  felt  that  it  was  not  productive  to  continue  this  line  of  research.  A 
summary  of  what  we  have  done  is  described  in  part  1 . 

This  year  Dr  Li  was  worried  that  his  work  was  not  producing  consistent  results  and  was 
anxious  to  do  research  that  was  advancing  the  field  of  cancer  research  as  well  as  advancing 
his  career.  We  agreed  therefore  that  he  should  work  on  another  topic  of  his  choice.  He 
chose  to  work  on  the  gene  GADD45A  as  a  target  of  regulation  of  the  transcription  factor 
Egrl ,  and  its  role  in  survival  and  anti-apoptosis  .  We  are  reporting  these  studies  now  in  part 
2  of  the  Body  of  the  report. 

BODY  OF  REPORT-Part  1-  Cripto 

Cripto  domain 
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Signal 
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Cripto  is  a  known  requirement  for  development  of  the  early  embryo  and  for  the  development 
of  the  normal  mammary  gland.  If  this  gene  is  reactivated  aberrantly,  it  contributes  to  breast 
cancer  cell  growth  and/or  survival.  This  has  been  known  for  some  time.  But  the  receptor  for 
Cripto  remained  unknown  until  recently  and  the  mechanism  of  its  interaction  has  just  been 
evaluated  through  a  study  of  the  molecular  structure  of  Cripto. 

Anew  hypothesis  that  we  suggested  (Adamson  et  al.,  2002)  was  that  in  breast  cancer  cells, 
the  CR1/AKT/MAPK/  ERK  pathway  may  also  play  a  major  role  in  the  transformed  character 
of  the  cells  that  leads  to  excess  proliferation.  This  has  proved  to  be  correct  and  was 
published  by  a  large  collaborative  group  (Normanno  et  al.,  2004).  In  addition,  our  hypothesis 
was  that  the  CFC  domain  of  Cripto  was  important  in  receptor  binding  was  also  proved 
correct  by  several  groups  in  different  systems.  I  have  collaborated  with  colleagues  in  Italy 
to  produce  two  papers  published  in  J  Cell  Biology  and  in  Development  (see  below). 

The  Aims  of  the  idea  grant  were  to  investigate  the  possibility  of  making  mutants  of  Cripto 
that  would  disable  or  activate  the  disulfide  loop  structures  of  the  CFC  domain  of  Cripto.  This 
domain  is  known  to  be  required  for  the  binding  of  Cripto  to  nodal  ,  a  TGFP  family  member 
that  requires  Cripto  to  act  as  its  co-receptor. 

Our  suggested  structure  of  mouse  Crlpto-CFC  domain  was:- 


MJ  M2 

_ I — M"Z  I 


Cy 

(99) 


For  each  mutated  Cripto  (Ml ,  M2  and 
M3),  2  Cys  were  replaced  by  Ala 


The  newly  published  structure  (Foley  et  al.,  2003)  indicates  that  this  is  incorrect  and  this 
explains  why  our  mutated  versions  of  Cripto  gave  neutral  or  small  effects  on  the  growth  or 
survival  of  the  cells.  The  disulfide  structure  of  the  CRIPTO-CFC  domain  of  human  Cripto 
protein  was  determined  by  a  combination  of  enzymatic  and  chemical  fragmentation, 
followed  by  chromatographic  separation  of  the  fragments,  and  characterization  by  mass 
spectrometry  and  N-terminal  sequencing.  These  studies  showed  that  Cys115  forms  a 
disulfide  bond  with  Cys133,  Cys128  with  Cys149,  and  Cys131  with  Cys140  in  human  Cripto. 

The  receptor  of  choice  for  Cripto  was  studied  by  Gray  et  al  (Gray  et  al.,  2003)  who  showed 
that  Cripto  binds  to  the  activin  and  Type  II  activin  receptor  and  ALK4  and  can  block  activin 
binding  to  ALK4  in  human  liver  cancer  cells.  But  signaling  by  nodal  or  Vgl  requires  a 
coreceptor  from  the  epidermal  growth  factor-Cripto-FRLI -Cryptic  protein  family  such  as 
Cripto.  Under  some  conditions,  Cripto  can  block  binding  of  activins  (which  are  inhibitors  of 
growth)  thus  accounting  for  the  transforming  action  of  Cripto.  Another  study  using  mammary 
cells  confirmed  this  finding  (Bianco  et  al.,  2002).  Signaling  pathways  used  by  Cripto  have 
been  reported  (Yeo  and  Whitman,  2001).  A  review  by  Rosa  et  al  summarizes  these  findings 
(Rosa,  2002). 

To  complicate  matters  more,  Cripto  can  also  act  independently  of  Alk4  and  nodal,  through  a 
pathway  dependent  on  Glypican-1,  a  membrane-associated  heparan  sulfate  proteoglycan, 
and  activates  the  tyrosine  kinase  c-Src,  triggering  the  mitogen-activated  protein  kinase  and 
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Akt  signaling  pathways.  An  active  Src  kinase  is  necessary  for  Cripto  to  induce  in  vitro 
transformation  and  migration  in  mouse  mammary  epithelial  cells  (Bianco  et  al.,  2003).  This 
is  another  pathway  that  I  suggested  (or  predicted)  in  my  review  (Adamson  et  al.,  2002) 
which  was  published  well  ahead  of  this  work. 

One  of  the  causes  of  the  intense  level  of  attention  that  was  paid  to  Cripto  in  the  last  2  years 
(Bhattacharya  et  al.,  2004;  Bianco  et  al.,  2003;  Harms  and  Chang,  2003;  Normanno  et  al., 
2004)  was  generated  by  our  original  findings  that  a)  Cripto  is  an  early  growth  factor  required 
for  the  development  of  the  embryo  (Xu  et  al.,  1999)  and  b)  that  Cripto  is  required  for  the 
differentiation  of  cardiomyocytes  (Xu  et  al.,  1998).  Others  have  developed  the  idea  that 
since  stem  cells  express  Cripto,  it  is  likely  to  play  a  role  in  stem  cell  physiology.  Thus  the 
structure  of  Cripto  and  the  nature  of  the  Cripto  receptor  were  rapidly  discovered  and 
characterized.  Our  plans  that  were  innovative  3  years  ago  were  suddenly  inadequate  and 
later  shown  to  be  redundant,  mostly  in  the  last  year.  I  have  continued  to  work  with  Italian 
collaborators  and  we  have  had  exchange  students  and  visits.  We  have  produced  two 
papers  together  describing  i)  the  default  differentiation  pathway  of  Cripto  -/-  embryo  stem 
cells.  These  cells  spontaneously  differentiate  into  neural  cells  at  a  high  level  and  this  is 
being  tested  in  animal  models  along  therapeutic  treatment  lines  (Parisi  et  al.,  2003).  ii)  the 
second  paper  concerned  the  high  degree  of  anterior  neural  development  that  occurs  in 
Cripto-/-  mouse  embryos  even  though  they  survive  only  for  8-9  days  in  the  embryo  stage 
(Liguori  et  al.,  2003). 

Part  2-  GADD45A 

Several  researchers  in  my  laboratory  work  on  identifying  the  target  genes  regulated  by  Egrl 
transcription  factor.  One  of  the  genes  identified  as  up-regulated  by  genotoxic  stresses  in 
both  normal  and  cancer  cell  lines  derived  from  breast  and  from  prostate,  was  GADD45A.  Dr 
Min  Li  decided  to  undertake  the  verification  of  this  gene  that  was  identified  by  our  microarray 
technology.  He  has  made  the  following  progress  that  strongly  indicates  that  Egrl  is  a 
transcriptional  activator  of  this  important  gene  family.  There  are  3  members  of  the  family,  all 
are  similar  and  we  report  only  on  GADD45A  but  all  members  play  a  role  in  DNA  damage 
repair  processes. 

Genotoxic  stresses  such  as  gamma  or  Ultraviolet  irradiation  (IR  and  UV-C)  or  chemotherapy 
drugs  such  as  Etoposide,  damage  DNA  by  strand  breakage,  and  in  order  to  repair  the 
damage  a  large  number  of  different  genes  are  mobilized  to  stop  further  damage  by  DNA 
breakages  and  incorrect  repairs  before  cell  division  could  lead  to  genetic  instability  and 
multiple  mutated  genes.  Egrl  is  an  immediate  response  gene  that  can  rapidly  activate  a 
cohort  of  genes  that  are  required  for  fast  deployment.  P53  also  has  this  function,  but  is  often 
already  mutated  or  inactive  in  cancer  cell  lines.  Egrl  regulates  a  very  similar  set  of  target 
genes  to  p53  and  in  fact,  also  up-regulates  p53.  The  target  genes  include  cell  growth 
inhibitors  such  as  p21/CIP1/WAF1  a  gene  that  arrests  the  cell  cycle  at  both  G1  and  G2. 
Slowing  the  growth  prevents  the  cell  from  entering  S  phase,  and  allows  time  for  the  repair 
enzymes  to  assemble  at  breakage  points  and  effect  repairs.  Many  of  these  genes  are  likely 
to  be  targets  of  Egrl  transcriptional  regulation,  but  this  has  not  been  ascertained  for  many 
genes  yet,  including  GADD45A,  All  the  GADD45  genes  respond  to  stresses  by  elevation  of 
transcript  levels  following  stress  and/or  growth  arrest  conditions  or  treatment  with  DNA- 
damaging  agents  and  p53  is  thought  to  be  the  major  transcriptional  regulator.  However,  the 
DNA  damage-induced  transcription  of  these  genes  is  mediated  by  both  p53-dependent 
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(Kastan  et  al„  1992;  Zhan  et  al„  1994).  and  p53-independent  mechanisms  (Taylor  and 
Stark,  2001). 

Dr  U  has  the  following,  evidences 

1.  Egrl  is  induced  before  GADD45A  following  UV-C  irradiation 

UV  irradiation  of  DU  145  prostate  cancer  ceils  leads  to  the  rapid  induction  of  Egrl  mRNA 
with  a  maximum  45  to  60  min  later.  GADD45A  is  induced  to  a  similar  degree  but  its 
induction  is  slower  and  reaches  a  maximum  at  90min  (Figure  1A).  The  level  of  Egrl  protein 
expression  increased  with  the  dose  of  UV-C  in  parallel  with  the  expression  of  GADD45A 
(Fig  IB).  For  ionizing  radiation,  DU145  cells  responded  to  give  maximal  Egrl  protein 
expression  at  lOGy  while  20Gy  was  less:  GADD45A  expression  was  maximal  at  10  Gy  also 
(Fig  1C).  Similarly,  in  293T  cells  except  that  the  maximal  GADD45A  protein  level  was 
achieved  at  40  J/m2  (Fig  ID).  Therefore,  strong  induction  of  Egrl  preceded  that  of 
GADD45A  in  a  fashion  that  suggests  that  Egrl  could  be  regulating  the  DNA  repair  gene 
after  DNA  damaging  stimuli. 

To  compare  the  effect  of  endogenous  Egrl  induced  by  three  different  stimuli  in  three  cell 
lines,  a  quantitative  RT-PCR  study  was  made  (Table  1)  of  the  induction  of  mRNA  levels  for 
Egrl  and  GADD45A.  The  levels  of  Egrl  were  highly  elevated  in  all  3  cell  types  but  to 
different  levels  with  MCF7  (p53+)  breast  cancer  cells  were  the  most  responsive.  This 
indicates  that  the  effect  of  Egrl  is  common  to  several  cell  types,  independent  of  their  p53 
status. 

Egrl  is  required  for  GADD45A  expression 

Mouse  embryo  fibroblasts  that  lack  Egrl  expression  were  derived  from  Egrl  null  mouse 
embryos  (MEFs)  and  were  tested  for  GADD45A  inducibility  after  treatment  of  null  and  wild- 
type  MEFs  with  the  phorbol  ester,  TPA.  Figure  2A  and  B  shows  that  TPA  induced  Egrl 
mRNA  expression  in  wt-MEFs  3-fold,  while  Egrl -null  MEFs  were  unable  to  induce 
GADD45A  mRNA.  We  verified  this  by  using  the  antisense  Egrl  oligonucleotides  that  were 
designed  to  reduce  the  expression  of  either  mouse  or  human  Egrl  specifically  (Virolle  et  al., 
2003).  Figure  2C  shows  that  UV-induced  Egrl  protein  expression  in  DU145  prostate  cells 
was  reduced  by  AS-Egrl  in  concert  with  GADD45A  reduction.  This  result  further  supports 
the  hypothesis  that  Egrl  is  required  for  the  UV  induction  of  GADD45A. 

Egrl  binds  directly  to  the  GADD45A  promoter 

Since  GADD45A  was  originally  identified  by  a  promoter  microarray  study  as  a  possible 
target  gene  regulated  by  Egrl  as  evidenced  by  a  positive  signal  for  hybridization  with  Egrl- 
immunoprecipitated  chromatin  cross-linked  DNA,  we  expected  that  we  should  be  able  to 
verify  this  finding  by  “conventional”  ChIP.  That  is,  amplification  of  the  purified  DNA 
fragments  that  were  captured  from  TPA-induced  DU145  cells  should  contain  this  promoter 
and  by  designing  primers  that  span  a  portion  of  the  promoter  that  contains  the  high-affinity 
Egrl  binding  sites  and  performing  PCR,  the  amplified  DNA  should  be  visible  after 
electrophoresis  on  an  agarose  gel.  Figure  3  shows  that  the  expected  264  bp  DNA  was 
recognized  in  UV  and  IR-induced  cells  but  not  in  serum  or  untreated  (NT)  cells,  indicating 
that  induction  with  genotoxic  stresses  was  required  for  Egrl  binding  to  the  GADD45A 
promoter.  More  obviously,  this  result  provides  proof  that  Egrl  can  bind  to  the  activated 
GADD45A  promoter. 
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Egrl  stimulates  a  GADD45A  promoter-reporter  construct 

In  order  to  delineate  the  Egrl  binding  site  (EBS)  a  mutation  analysis  was  made  to  compare 
the  full-length  (2.3kb  DNA)  5’  regulatory  sequence  containing  29  bp  of  5’UTR'and  2kb  of 
GADD45A  promoter,  ligated  to  luciferase  using  the  expression  plasmid  pGL3-basic  vector. 
The  results  of  site-directed  mutagenesis  to  change  four  nucleotides  in  the  putative  EBS  are 
shown  in  Figure  4A  (red  sites).  Using  transfection  into  293T  cells  with  Renilla  luciferase  as 
an  internal  control  the  expression  of  pGL3-luciferase  was  measured  and  expressed  as  a 
fold-change  of  normal  to  mutated  promoter  activities,  when  Egrl  was  expressed  ectopically 
(middle  group)  or  endogenously  after  Egrl  was  induced  by  irradiation  with  UV-C  at  40  J/m. 
The  results  in  Figure  4B  showed  that  very  strong  induction  of  the  GADD45A  promoter 
occurs  by  both  forms  of  Egrl  expression.  The  mutant  forms  1,  2  and  3  were  the  most 
affected  binding  sites  when  mutated,  while  site  4  (which  contain  a  group  of  3-4  putative 
EBS)  is  much  less  reduced  in  activity  by  mutation.  We  concluded  that  the  most  effective 
Egrl -activated  sites  are  sites  1  and  2  in  the  5’UTR  of  GADD45A.  These  sites  are  different 
from  the  sites  that  were  found  to  be  activated  by  WT1,  therefore  it  seems  likely  that  WT1 
and  Egrl  do  not  compete  with  each  other  because  different  specific  binding  sites  occur. 

In  conclusion,  Dr  Li  has  good  evidence  that  Egrl  plays  a  role  in  the  recovery  after 
DNA  breaks.  GADD45A  (Gadd45),  GADD45B  (MyD118),  and  GADD45G  (CR6)  constitute  a 
family  of  evolutionarily  conserved,  small,  acidic,  nuclear  proteins,  that  have  been  implicated 
in  terminal  differentiation,  growth  suppression,  and  apoptosis.  Published  data  indicate  that 
the  Gadd45  proteins  may  cooperate  to  activate  cell  cycle  S  and  G2/M  checkpoints  following 
exposure  of  cells  to  UV  irradiation  (Vairapandi  et  al.,  2002).  GADD45B  and  GADD45G,  as 
well  as  GADD45A,  interact  with  both  Cdkl  and  cyclinBI,  resulting  in  inhibition  of  the  kinase 
activity  of  the  Cdkl/cyclinBI  complex  and  the  start  of  excision  repair  of  DNA.  They  are 
important  in  the  DNA  repair  and  survival  response  of  cells  to  DNA  damage  but  are  also 
involved  in  cell  apoptosis.  We  are  continuing  with  this  investigation  with  the  assistance  of 
these  funds  from  the  DOD. 


FIGURES  AND  TABLE 

Figure  1A.  The  expression  of  Egrl  mRNA  precedes  GADD45A  after  UV  irradiation  of 
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DU  145  cells 
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IR  Dose  (Gy)  0  10 


Egrl 

Actin 

Gadd45a 


D 


293T 


UV(J/m2)  IR 

Time  (min) 


Dose  C  20  40  80  10 


Egrl 

Actin 


Gadd45  9 


Figure  1.  B,  C,  D,  Dose  response  to  irradiation  in  DU  145  and  293T  cells 
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Ear1+/+  Ear1_/" 

NT  TPA  NT  TPA 


NT  UV(80J/m2) 

C  As  C  As 

Egrl  .--  **»+»*** 

Gadd45a  #m. 


Figure  2  A,  Egrl  is  required  for  gadd45a  expression.  Egr1+/+  and  Egrl-/-  MEF  Cells 
were  harvested  2  h  after  exposure  to  TPA  (100  ng/ml),  and  Gadd45a  mRNA  (A)  and  protein 
levels  (B)  were  assayed  by  semi-quantitative  RT-PCR.  C,  Egrl  antisense  inhibits  the 
expression  of  Gadd45a  induced  by  UV  in  DUI 45  cells. 
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Gadd45a 


Cyclophilin 


1.  Total  DNA  input 

2.  non-immmune-control 

3.  Anti  Egrl  ChIP 


Fig.  3.  Egrl  directly  bound  to  Gadd45a  regulatory  sequence  in  vivo  in  UV 
and  IR-treated  cells  shown  by  conventional  ChIP.  DU  145  cells  were  treated 
with  UV(40  J/m2),  IR(10  Gy),  TPA(100  ng/ml)  and  serum,  chromatin  was 
crosslinked  with  formaldehyde  and  then  immunoprecipitated  with  a  specific  Egrl 
antibody  or  a  nonimmune  control.  The  detection  of  Gadd45a  GC-rich  fragment 
(264  bp)  was  performed  by  PCR  as  described  in  Methods. 
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promoter-1  uciferase  vector.  Cloning  2.3  kb 
2  vector.  As  well  as,  site-direction  mutation  (red) 
promoter  were  carried  out. 
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1  pGL3+pcDNA3 

2  Gadd+pcDNA3 

3  Mut1+  pcDNA3 

4  Mut2+  pcDNA3 

5  Mut3+  pcDNA3 

6  Mut4+  pcDNA3 


7  pGL3+Egr1 

8  Gadd+Egrl 

9  Mutl+Egrl 

10  Mut2+  Egrl 

11  Mut3+  Egrl 

12  Mut4+  Egrl 


13  pGL3+pcDNA3  (UV) 

14  Gadd+pcDNA3  (UV) 

15  Mut1+  pcDNA3(UV) 
16Mut2+  pcDNA3  (UV) 

17  Mut3+  pcDNA3(UV) 

18  Mut4+  pcDNA3  (UV) 


Fig  4B.  Induction  of  Gadd45a  promoter  activity  by  Egrl  and  UV  treatment.  The 

Gadd45a  promoter-luciferase-reporter  vector  and  EBS-mutated  vector  from  Gadd45a 
promoter-luciferase-reporter  vector  were  transfected  into  293T  cells.  After  24  hours 
transfection,  cells  in  13-18  group  were  treated  with  UV  (40J/m1 2 3 4 5 6).  Then  2  hours  later  the 
luciferase  activity  was  measured  according  to  manual. 


13 


Gadd45<x  mRNA  expression  by  q-RT-PCR 


Cell  lines 


Genes 


mRNA  level  (fold) 


TPA 


ETO 


UV 


P69T 

Egrl 

Gadd45 

14.8±8.2 

2.2,  2.3 

DU145 

Egrl 

Gadd45 

143.6  ±41.5  29.8±10.1 

7.7  2.7 

MCF7 

Egrl 

6441 

3.8 

Gadd45 

35.8 

29.0 

TABLE  1 

Partial  verification  of  the  mRNA  levels  induced  by  the  elevation  of  Egrl  in  3  cells 
lines.  In  all  cases,  the  levels  of  GADD45A  are  elevated  but  the  specific  level  depends 
on  the  cell  type. 


Key  research  accomplishments 

•  The  work  that  we  proposed  was  an  important  aspect  of  breast  cancer  progression. 
The  importance  of  Cripto  is  clearly  increasing,  and  this  line  of  research  is  worth 
supporting.  However,  our  efforts  were  not  productive  and  not  for  the  lack  of  effort. 

•  The  work  on  GADD45A  is  in  a  much  better  place  with  consistent  and  interesting 
results  that  are  worth  pursuing.  This  work  needs  several  more  experiments  and  some 
more  studies  that  compare  other  transcription  factors  that  might  affect  GADD45A 
regulation.  This  work  will  continue  using  any  DOD  funds  that  remain. 


Reportable  outcomes 

1 .  The  PI  was  invited  to  present  the  studies  made  on  Cripto  in  her  laboratory  as  well  as 
one  describing  the  work  on  Egrl  (also  supported  by  the  DOD)  at  the  University  of 
Texas  at  San  Antonio.  The  former  was  a  2  hour  teaching  seminar  to  the  graduate 
students  and  postdoctoral  trainees  at  the  Institute  of  Biotechnology. 

2.  A  very  favorable  response  was  made  to  our  published  review  reported  last  year. 

3.  Three  publications  on  Cripto  this  year  and  last  year  by  the  PI  are  attached:- 

a)  Adamson,  E.  D.,  Minchiotti,  G.,  and  Salomon,  D.  S.  (2002).  Cripto:  a  tumor  growth 
factor  and  more.  [Review]  [74  refs].  Journal  of  Cellular  Physiology  190,  267-278. 

b)  Parisi  S.  D’Andrea  D.  Lago  CT.  Adamson  ED.  Persico  MG.  Minchiotti  G.  (2003). 
Nodal-dependent  Cripto  signaling  promotes  cardiomyogenesis  and  redirects  the 
neural  fate  of  embryonic  stem  cells. (2003).  J.Cell  Biology.  163(2):303-14. 
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c)  Liguori  GL,  Echevarria  D,  Improta  R,  Signore  M,  Adamson  E,  Martinez  S,  Persico 
MG.  (2003 )  Anterior  neural  plate  regionalization  in  cripto  null  mutant  mouse 
embryos  in  the  absence  of  node  and  primitive  streak.  Dev  Biol.  264(2): 537-49. 


Conclusions 

The  structure  of  Cripto  and  especially  the  disulfide  bridge  loops  were  not  known  at  the  time 
and  have  recently  been  published.  The  educated  prediction  that  we  made  was  incorrect  and 
the  mutant  forms  of  Cripto  that  we  made  were  not  useful.  In  this  case,  the  collaboration  of 
larger  teams  of  workers  in  several  different  fields  combined  to  make  excellent  advances  on 
this  important  gene  that  we  could  not  match.  We  therefore  worked  on  another  protein 
(GADD45a)  that  was  also  highly  relevant  to  breast  and  prostate  cancer.  Publications 
resulting  will  acknowledge  the  support  of  the  BCRP  program  of  the  DOD. 
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Appendices. 

Copies  of  three  papers  on  Cripto  authored  by  the  PI  are  attached 

1 .  Adamson  ED,  Minchiotti  G,  Salomon  DS.  Cripto:  a  tumor  growth  factor  and  more. 
J  Cell  Physiol.  2002  Mar;190(3):267-78.  Review. 

2.  Parisi  S.  D'Andrea  D.  Lago  CT.  Adamson  ED.  Persico  MG.  Minchiotti  G.  (2003) 
Nodal-dependent  Cripto  signaling  promotes  cardiomyogenesis  and  redirects  the 
neural  fate  of  embryonic  stem  cells.(2003).  J.Cell  Biology.  163(2):303-14,. 

3.  Liguori  GL,  Echevarria  D,  Improta  R,  Signore  M,  Adamson  E,  Martinez  S,  Persico 
MG.  (2003  )  Anterior  neural  plate  regionalization  in  cripto  null  mutant  mouse 
embryos  in  the  absence  of  node  and  primitive  streak.  Dev  Biol.  264(2):537-49. 
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Cripto:  A  Tumor  Growth  Factor  and  More 

EILEEN  D.  ADAMSON/*  GABRIELLA  MINCHIOTTI,2  and  DAVID  S.  SALOMON3 

1  La  Jolla  Cancer  Research  Center ,  The  Burnham  Institute,  La  Jolla,  California 
2 International  Institute  of  Genetics  and  Biophysics,  CNR,  Via  Pietro  Castellino, 

Naples,  Italy 

3 Tumor  Growth  Factor  Section,  Basic  Research  Laboratory,  National  Cancer  Institute, 
NIH,  Bldg  10,  Rockville  Pike,  Bethesda,  Maryland 

Cripto,  a  growth  factor  with  an  EGF-like  domain,  and  the  first  member  of  the  EGF- 
CFC  family  of  genes  to  be  sequenced  and  characterized,  contributes  to 
deregulated  growth  of  cancer  cells.  A  role  for  Cripto  in  tumor  development  has 
been  described  in  the  human  and  the  mouse.  Members  of  the  EGF-CFC  family  are 
found  only  in  vertebrates:  CFC  proteins  in  zebrafish,  Xenopus,  chick,  mouse  and 
human  have  been  characterized  and  indicate  some  common  general  functions  in 
development.  Cripto  expression  was  first  found  in  human  and  mouse  embryonal 
carcinoma  cells  and  male  teratocarcinomas,  and  was  demonstrated  to  be  over¬ 
expressed  in  breast,  cervical,  ovarian,  gastric,  lung,  colon,  and  pancreatic 
carcinomas  in  contrast  to  normal  tissues  where  Cripto  expression  was  invariably 
low  or  absent.  Cripto  may  play  a  role  in  mammary  tumorigenesis,  since  in  vitro, 
Cripto  induces  mammary  cell  proliferation,  reduces  apoptosis,  increases  cell 
migration,  and  inhibits  milk  protein  expression.  This  prediction  is  strengthened  by 
observations  of  Cripto  expression  in  80%  of  human  and  mouse  mammary  tumors. 

At  least  three  important  roles  for  Cripto  in  development  have  created  considerable 
interest,  and  each  activity  may  be  distinct  in  its  mechanism  of  receptor  signaling. 
One  role  is  in  the  patterning  of  the  anterior-posterior  axis  of  the  early  embryo,  a 
second  is  a  crucial  role  in  the  development  of  the  heart,  and  a  third  is  in 
potentiating  branching  morphogenesis  and  modulating  differentiation  in  the 
developing  mammary  gland.  Whether  these  properties  are  functions  of  different 
forms  of  Cripto,  different  Cripto  receptors  or  the  distinct  domains  within  this  1 5- 
38  kDa  glycoprotein  are  examined  here,  but  much  remains  to  be  revealed  about 
this  evolutionarily  conserved  gene  product.  Since  all  Cripto  receptors  have  not  yet 
been  determined  with  certainty,  future  possible  uses  as  therapeutic  targets  remain 
to  be  developed.  Cripto  is  released  or  shed  from  expressing  cells  and  may  serve  as 
an  accessible  marker  gene  in  the  early  to  mid-progressive  stages  of  breast  and 
other  cancers.  Meanwhile  some  speculations  on  possible  receptor  complexes  for 
Cripto  signaling  in  mammary  cells  are  offered  here  as  a  spur  to  further 
discoveries.  J.  Cell.  Physiol.  1 90:  267-278,  2002.  ©  2002  Wiley-Liss,  Inc. 


CRIPTO  IS  THE  FIRST  MEMBER  OF  A  FAMILY 
OF  GENES  NOW  NAMED  EGF-CFC 

The  Cripto  gene  ( CR1)}  first  cloned  from  a  cDNA 
library  derived  from  a  human  teratocarcinoma  cell  line 
was  named  accordingly  as  teratocarcinoma-derived 
growth  factor- 1  ( TDGF1  and  maps  to  human  chromo¬ 
some  3p21.3  (Dono  et  al.,  1991;  Saccone  et  al.,  1995). 
Mous eTdgfl  (encoding  Cripto  protein)  has  been  isolated 
and  characterized  (Dono  et  al.,  1993;  Liguori  et  al., 
1996).  Mouse  Cripto  has  92%  similarity  to  its  human 
counterpart  in  the  EGF-like  domain,  which  is  the  most 
conserved  of  the  domains.  There  is  83%  homology  in 
the  EGF-like  domains  between  the  members  of  this 
family  and  40%  homology  in  the  CFC  domain.  In  all, 
seven  related  genes  have  been  cloned,  including 
mouse  and  human  Cryptic  (Ciccodicola  et  al.,  1989; 
Shen  et  al.,  1997;  Bamford  et  al.,  2000),  Xenopus 

©  2002  WILEY-LISS,  INC. 


Frl-l(Kinoshita  et  al.,  1995),  Zebrafish  one-eyed  pin¬ 
head  0 oep )  (Zhang  et  al.,  1998),  and  chick-Cripto  (Colas 
and  Schoenwolf,  2000).  The  name  CFC  for  the  second 
conserved  domain  is  derived  from  the  combination 
Cripto/Frl/Cryptic.  The  sequence,  alignments,  and 
functions  of  the  EGF-CFC  gene  family  have  been 
reviewed  recently  (Salomon  et  al.,  1999,  2000). 
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STRUCTURE  OF  CRIPTO  PROTEIN 

Mouse  Cripto  protein  (Crl)  consists  of  171  amino  acids 
and  unlike  the  human  CR1  (188  amino  acids)  has  a 
signal  sequence,  but  both  proteins  can  be  secreted,  #187 
(Brandt  et  al.,  1994)  and  #2384  (Normanno  et  al.,  1995) 
(Ciccodicola  et  al.,  1989;  Dono  et  al.,  1991;  Normanno 
et  al.,  1994).  The  protein  product  of  the  TDGF-1  gene  in 
mouse  and  human  will  be  denoted  as  Cripto  here.  The 
EGF-CFC  family  of  proteins  contain  several  domains 
(Fig.  1).  The  signal  sequence  allows  the  polypeptide  to  be 
processed  through  the  Golgi  body  and  secreted  into  the 
medium.  In  human  Cripto,  the  hydrophobic  domain  is 
not  large  enough  to  act  as  a  secretory  signal,  secretion 
does  occur  in  human  cells  by  an  unknown  mechanism. 
The  core  peptide  is  ~20  kDa  and  glycosylation  and  other 
post-translational  modifications  results  in  a  product  of 
Mr  =  28-36  kDa.  The  Cripto  produced  by  vector  expres¬ 
sion  in  Chinese  hamster  ovary  (CHO)  cells  is  secreted  as 
a  24-28  kDa  protein  (Brandt  et  al.,  1994).  The  pattern  of 
six  cysteine  residues  of  the  EGF-like  domain  in  Cripto  is 
recognizable,  but  of  the  three  disulfide  loops  in  EGF, 
loop  A  is  missing  and  loop  B  is  truncated  resulting  in  a 
structure  that  does  not  bind  to  the  EGFR  family  of 
receptors  (Bianco  et  al.,  1999).  The  six  cysteine  residues 
of  the  EGF-like  domain  form  similar  disulfide  bridges  as 
in  EGF,  that  is  2-4,  1-3,  and  5-6  (Lohmeyer  et  al., 

1997) .  Within  the  EGF-like  domain,  the  sequence 
similarity  between  the  seven  members  is  is  60-70%. 
Next  to  the  EGF-like  domain  of  Cripto,  an  additional  six- 
cysteine  CFC  domain  is  conserved  in  the  analogous 
proteins  at  35-48%.  The  CFC  domain  has  unspecified, 
but  crucial  functions.  It  also  has  three  disulfide  bridges, 
whose  exact  disposition  is  currently  unknown  but  the 
spacing  of  the  cysteine  residues  bears  some  resemblance 
to  the  EGF-like  domains  found  in  laminin  (Abe  et  al., 

1998) .  The  EGF-CFC  proteins  range  from  171  to  202 
amino  acids  with  a  core  protein  of  18-21  kDa  and  an 
overall  sequence  identity  between  these  proteins  of  only 
22-32%.  Nevertheless,  a  high  level  of  overlap  has  been 
observed  in  the  interspecies  developmental  activities  of 
family  members,  as  described  later.  All  the  members  of 
the  EGF-CFC  family,  except  for  Oep  in  Zebrafish,  are 
glycoproteins  that  contain  a  single  iV-glycosylation 
site  and  potential  O-glycosylation  sites.  Recently,  a 
single  O-linked  fucosylation  site  has  been  found 
between  the  second  and  third  cysteines  in  the  EGF-like 
domain  of  all  the  EGF-CFC  proteins  (human  T88,  mouse 
T72).  Loss  of  this  fucosyl  residue  by  mutation  of  T88  to  G, 
inhibited  the  ability  of  Cripto  to  interact  with  its 
cofactor,  Nodal,  to  signal  via  Smad2  (Schiffer  et  al., 
2001).  This  rare  modification  is  also  present  in  the  EGF- 

Cripto  domains 


Signal  EGF-like  CFC  GPMink 

Fig.  1.  Cripto  protein  domains:  signal,  EGF-like,  CFC,  and  GPI 
linkage  domains. 


modules  of  secreted  proteins  involved  in  blood  coagula¬ 
tion,  thus  adding  to  the  importance  of  glycosylation  in 
the  functionality  of  Cripto. 

The  hydrophobic  domain  of  Cripto  near  the  carboxy 
terminus,  like  other  members  of  the  family,  has  con¬ 
sensus  sequences  to  form  a  glycerolphosphatidylinositol 
(GPI)  linkage  with  the  cell  membrane  (Minchiotti  et  al., 
2000).  This  linkage  ensures  that  secreted  Cripto  is 
inserted  into  the  lipids  of  the  plasma  membrane  peri¬ 
meter  of  the  cell  to  form  a  membrane-anchored  extra¬ 
cellular  polypeptide,  where  it  could  affect  cell-cell  and 
cell-matrix  interactions.  Here,  it  is  likely  also  to 
interact  with  cofactors  and  receptor  polypeptides  as 
well  as  intracellular  linking  molecules  in  lipid  rafts, 
where  GPI-linked  proteins  tend  to  cluster  to  effect 
signaling  to  the  nucleus.  A  soluble  form  of  Cripto 
produced  by  experimental  truncation  of  the  carboxy- 
terminal  16  amino  acids  to  remove  the  GPI-linkage,  is 
active  in  growth  assays  and  in  null  mutation  rescue 
studies  in  zebrafish  embryos  (Minchiotti  et  al.,  2001). 
Human  tumors  secrete  a  shortened  form  of  Cripto  with 
an  amino-terminal  deletion  of  42  amino  acids  by 
translation  from  an  alternative  in  frame  CUG  codon. 
This  protein  product  likely  has  activity  since  it  retains 
the  EGF-like  and  the  CFC  motif  (see  below).  (For  more 
details  on  the  sequences  and  roles  of  the  EGF-CFC 
family  of  genes,  see  these  reviews:  Salomon  et  al.,  1999, 
2000.) 

EXPRESSION  OF  CRIPTO  IS  RESTRICTED 
Cripto  is  expressed  early  in  development 

Cripto  is  expressed  early  in  development  in  the  inner 
cell  mass  and  the  trophoblast  cells  of  the  mouse 
blastocyst  (Johnson  et  al.,  1994),  in  human  NTERA2 
embryonal  carcinoma  (EC)  cells  (Dono  et  al.,  1991; 
Saccone  et  al.,  1995),  in  mouse  F9  EC  cells  (Dono  et  al., 
1993;  Liguori  et  al.,  1996),  and  in  mouse  embryo  stem 
(ES)  cells  (Xu  et  al.,  1998),  but  is  down-regulated  in  the 
first  cell  types  to  differentiate  from  ES  cells,  namely, 
visceral  and  parietal  endoderm  cells.  In  the  embryo, 
Cripto  is  expressed  in  the  E6.5  embryo  in  the  epiblast, 
primitive  streak  and  ectoplacental  cone  (Dono  et  al., 
1993;  Ding  et  al.,  1998).  At  E8.5,  Cripto  is  expressed  in 
myocardium  of  the  developing  heart  tube  and  in  the 
conotruncus  heart  outflow  region  (Dono  et  al.,  1993). 
Cripto(-/_)  embryos  die  at  this  stage  in  utero,  by  failure 
to  form  the  anterior-posterior  axis  and  to  make 
sufficient  mesoderm,  failure  to  form  the  primitive  streak 
and  to  regulate  the  many  genes  that  center  on  the 
activities  of  the  Nodal  gene  (Ding  et  al.,  1998;  Xu  et  al., 
1999;  Reissmann  et  al.,  2001;  Schier,  2001;  Yeo  and 
Whitman,  2001),  and  see  below.  Cripto  continues  to  be 
expressed  in  the  myocardium  and  outflow  region  of 
normal  embryos  until  E10  and  then  is  no  longer  detected 
in  development.  This  suggests  that  Cripto  is  involved  in 
heart  development,  but  this  could  not  be  determined 
in  the  Cripto  null  mouse,  because  heart-specific  Cripto 
ablation  is  required  for  this,  a  study  that  awaits 
completion. 

Expression  of  cripto  is  restricted  after  birth 

Cripto  mRNAis  detected  at  low  levels  in  spleen,  testis, 
heart,  lung,  and  brain  (Dono  et  al.,  1991)  of  the  adult 
mouse,  but  no  function  has  been  described  in  any  normal 
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tissue  except  for  the  mammary  gland.  Three  weeks  after 
birth,  the  mammary  glands  of  the  female  mouse  start 
to  proliferate  from  the  short  ducts  at  the  nipples 
that  developed  prenatally.  Growth  of  the  ducts  be¬ 
comes  active  under  the  influence  of  pubertal  steroid 
hormones,  estrogen,  and  progesterone.  The  mammary 
tree  grows  rapidly  in  the  virgin  into  a  multi-branched 
epithelial  ductile  system  to  fill  the  mammary  fat  pad 
that  limits  its  further  expansion.  Cripto  is  expressed  in 
all  epithelial  cells  at  increasing  levels  during  this  period. 
Upon  pregnancy,  terminal  endbuds  develop  into  ductal- 
alveolar  lobules  that  synthesize  milk  proteins  that  enter 
the  duct  lumen  together  with  Cripto  itself  (Bianco  et  al., 
2001).  Cripto  expression  increases  during  all  these 
stages  (Kenney  et  al.,  1995),  and  starts  to  decline  at 
the  late  lactation  stage  (De  Santis  et  al.,  1997)  in  keeping 
with  the  effect  of  Cripto  on  mammary  epithelial  cells 
described  below.  When  Cripto  was  experimentally  over¬ 
expressed  in  mammary  epithelial  cells,  similar  branch¬ 
ing  structures  were  formed  in  vitro  and  this  turned 
into  ductal  hyperplasia  when  Cripto-transduced  mam¬ 
mary  epithelial  cells  were  transferred  to  the  mouse 
(Salomon  et  al.,  1999;  Wechselberger  et  al.,  2001).  It  is 
possible  that  other  tissues  such  as  lung,  kidney,  and 
salivary  gland  form  branching  structures  when  stimu¬ 
lated  by  Cripto  expression,  but  to  date  none  have  been 
reported. 

ACTIVITIES  OF  CRIPTO 

Cripto  is  a  growth  factor 

The  growth  stimulatory  properties  of  Cripto  have 
been  demonstrated  on  tumor  cells  of  many  kinds, 
pancreatic,  ovarian,  endometrial,  intestinal,  and  mam¬ 
mary  tumor  cells.  Normal  human  and  mouse  mammary 
epithelial  cells  also  respond  to  Cripto  and  are  good 
resources  for  receptor  analysis  (see  below).  The  growth 
responses  have  been  reviewed  extensively  (Salomon 
et  al.,  1999,  2000). 

Cripto  commonly  supports  cell  survival 

The  intensity  or  duration  of  the  Cripto  signal  or  the 
conditions  of  treatment  (i.e.,  growing  vs.  confluent  static 
cells)  may  account  for  reports  that  Cripto  stimulates 
either  survival  or  apoptosis  in  related  cell  types  CID-9 
and  HC-11,  both  derived  from  mouse  mammary 
COMMA-D  cells.  These  cells  have  characteristics  typi¬ 
cal  of  mid-pregnant  mouse  mammary  gland  cells  from 
which  they  were  derived  (Medina  et  al.,  1986).  When 
Cripto  was  expressed  constitutively  in  moderate 
amounts  in  CID-9  cells,  increased  survival  was  observ¬ 
ed.  Conversely,  cells  expressing  an  antisense  (AS) 
Cripto  version  of  the  retroviral  vector  were  retarded  in 
growth  and  demonstrated  increased  levels  of  apoptosis 
(Niemeyer  et  al.,  1998).  Similarly,  recombinant  Cripto 
added  to  growing  HC-11  cells  stimulated  survival 
(De  Santis  et  al.,  1997).  However,  recombinant  Cripto 
can  also  induce  apoptosis  in  confluent  HC-11  mouse 
mammary  epithelial  cells  under  certain  conditions. 
Culture  of  confluent  cells  for  two  days  in  the  absence  of 
the  survival  factors,  EGF,  and  insulin,  followed  by 
exposure  to  Cripto  caused  maximal  apoptosis  at  3  days 
(De  Santis  et  al.,  2000).  These  conditions  may  mimic  the 
regressing  or  involuting  mammary  gland,  which  under¬ 
goes  apoptosis  when  lactation  must  be  terminated  and 


the  gland  returns  to  a  resting  condition  with  reduced 
size  (see  below). 

Cripto  inhibits  the  differentiation 
of  mammary  cells  in  culture 

The  syn thesis  of  several  milk  proteins  is  stimulated  by 
the  culture  of  cells  on  a  matrix  and  in  the  presence  of  a 
lactogenic  hormone  mixture  consisting  of  prolactin, 
insulin,  and  dexamethasone  (DIP).  Using  this  system, 
the  production  of  beta-casein  and  whey  acidic  protein 
was  inhibited  by  the  over-expression  of  endogenous 
Cripto  or  by  the  addition  of  exogenous  Cripto  to  CID-9, 
HC-11  cells,  or  primary  cultures  of  mouse  mammary 
epithelial  cells  established  from  mid-pregnant  mice  (De 
Santis  et  al.,  1997;  Niemeyer  et  al.,  1998).  These 
responses  agree  with  the  rising  expression  levels  of 
Cripto  in  the  normal  mammary  gland  during  pregnancy 
and  lactation,  in  parallel  with  rapid  growth  of  the 
mammary  ductal  epithelium  and  later  with  milk  protein 
production. 

Cripto  increases  the  migration  of  expressing  cells 
and  has  a  chemotactic  effect  on  other  cells 

Cripto  is  over-expressed  in  cancer  cells,  and  may 
contribute  to  metastatic  progression  by  its  effect  on  the 
shape,  adhesivity,  and  migratory  activity  of  cell.  This 
was  shown  in  CID-9  cells  over-  or  under-expressing 
Cripto  (Niemeyer  et  al.,  1998)  and  in  mouse  embryo 
fibroblasts  (MEFs)  that  were  derived  from  knockout 
mice.  The  Cripto  null  cells  attached  poorly  to  fibronectin 
and  collagen,  but  better  to  laminin  than  wild-type 
MEFs,  suggesting  that  this  population  of  cells  could  be 
more  epithelial  in  type.  Wild-type  MEFs  migrated 
through  a  porous  membrane  at  a  higher  rate  than 
Cr(_/“~  cells,  indicating  that  the  expression  of  Cripto 
stimulates  cell  motility.  Conditioned  medium  from 
Cripto-secreting  cells  also  attracted  higher  rates  of 
migration  of  cells  towards  it  than  medium  lacking 
Cripto  (Xu  et  al.,  1999).  Undoubtedly,  these  effects 
contributed  to  the  early  lethality  (E8-9)  of  the  develop¬ 
ing  embryo.  When  cervical  carcinoma  cells  were  experi¬ 
mentally  induced  to  over-express  Cripto,  an  increase  in 
cell  migration  was  observed,  which  correlated  with  an 
increase  in  the  expression  of  vimentin  compared  to 
control  cells,  detected  using  microarray  analyses  of 
mRNA  populations  in  the  two  cell  types  (Ebert  et  al., 
2000).  Therefore,  like  many  other  growth  factors,  Cripto 
can  affect  cell  shape  and  cell  migration  by  secondary 
effects  on  the  cytoskeleton,  as  well  as  by  increasing  cell 
proliferation.  In  embryo  cells,  the  induction  of  vimentin 
is  indicative  of  mesodermalization  of  the  epithelial  layer 
and  the  migration  of  cells  for  morphogenesis.  In  cancer 
cells,  vimentin  expression  similarly  indicates  the  for¬ 
mation  of  more  mesodermal-like  cells  with  increased 
migratory  activity.  Likewise,  overexpression  of  mouse 
Cripto  in  mouse  mammary  EpH4,  NOG-8,  NMuMG,  and 
TAC-2  epithelial  cells  showed  elevated  migration  and 
scattering  (Wechselberger  et  al.,  2001). 

Cripto  is  essential  for  early 
embryonic  development 

Homologous  recombination  of  the  Cripto  gene  in  ES 
cells  produced  normal  heterozygous  Crl(+/^  animals. 
Crl(_/~)  embryos  were  abnormal  on  the  seventh  day  of 
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gestation  (E7)  and  failed  to  develop  further  than  E9. 
Embryos  failed  to  form  the  anterior-posterior  axis  and 
while  embryonic  mesoderm  was  sparse,  extraembryonic 
mesoderm  was  present  (Ding  et  al.,  1998;  Xu  et  al., 
1999).  Importantly,  chimeric  animals  made  by  the 
injection  of  Crl ES  cells  into  normal  blastocysts 
were  normal  and  had  50%  incorporation  of  the  Cripto 
null  ES  cells  into  all  the  tissues.  Therefore,  the  wild-type 
cells  were  able  to  rescue  the  null  cells,  probably  by  a 
combination  of  juxtacrine  and  paracrine  effects  of 
the  anchored  and  soluble  forms  of  Cripto  from  the 
wild-type  cells,  respectively.  This  is  a  good  illustration  of 
the  effectiveness  of  soluble  Cripto  even  in  embryos 
where  tightly  controlled  morphogens  must  be  orche¬ 
strated. 

Cripto  is  required  for  cardiogenesis 
in  culture 

The  development  of  the  heart  was  shown  to  require 
Cripto  at  an  early  stage,  using  ES  cells  in  which  Cripto 
was  inactivated  by  two  rounds  of  targeting  to  produce 
Crl(”/_)  ES  cells.  ES  cells  normally  differentiate  as 
aggregates  (embryoid  bodies,  EBs)  to  form  cardiomyo- 
cytes  that  contract  visibly  starting  at  7  days  after  the 
removal  of  leukemia  inhibitory  factor  (LIF)  from  the 
culture  medium.  Cripto  null  EBs  did  not  produce  contr¬ 
acting  cardiomyocytes  even  during  extended  culture 
periods.  In  these  cultures,  no  cardiac  muscle  proteins 
were  transcriptionally  activated  while  the  transcription 
factors  (Gata4,  Nkx2.5,  and  MEF2)  that  are  known 
to  be  required  for  heart  formation  were  expressed. 
The  re-expression  of  Cripto  sense,  but  not  AS  in  the 
Cripto  null  ES  cells  rescued  the  ability  of  the  cells 
to  differentiate  into  cardiomyocytes,  indicating  that 
Cripto  is  required  to  activate  a  set  of  cardiac  genes 
(Xu  et  al.,  1998).  The  mechanism  of  the  activity  of 
Cripto  in  pre-cardiomyocytes  is  unknown,  but  these 
cells  will  be  a  good  source  to  explore,  for  receptors  that 
are  specific  to  this  stage  of  development  and  for  the 
signaling  mechanism. 

Cripto  plays  a  role  in  mammary 
gland  development 

Cripto  is  expressed  in  the  developing  mouse  mam¬ 
mary  gland  at  increasing  levels  from  3  weeks  of  age, 
under  the  influence  of  pubertal  hormones.  Both  mRNA 
and  protein  have  been  observed  and  immunocytochem- 
ical  staining  showed  Cripto  protein  in  all  epithelial 
cell  types  (Kenney  et  al.,  1995;  Niemeyer  et  al.,  1998). 
Terminal  end  buds,  ductal,  and  lobular- alveolar 
cells  were  all  positive  and  expressed  about  four-fold 
higher  levels  during  pregnancy  and  lactation  com¬ 
pared  to  mature  non-pregnant  mammary  glands. 
Cripto  is  released  into  the  milk  in  the  human  (Bianco 
et  al.,  2001),  where  it  may  have  some  functions  as 
a  growth  factor.  Cripto  expression  declines  rapidly  at 
the  end  of  lactation,  and  reverts  to  very  low  or  no 
expression  during  involution  of  the  mammary  gland. 
However,  in  Balb/c  mice  that  reach  2  years  of  age, 
the  mammary  glands  re-express  Cripto  and  can 
develop  spontaneous  adenocarcinomas  (Herrington 
et  al.,  1997). 


CRIPTO  IS  AN  AUTOCRINE  GROWTH  FACTOR 
IN  MAMMARY,  COLON,  PANCREATIC, 

AND  OTHER  TUMORS 

As  indicated  above,  mouse  or  human  mammary  cells 
over-expressing  Cripto  exhibit  increased  proliferation 
and  transformed  growth  in  vitro  (Ciardello  et  al.,  1991; 
Niemeyer  et  al.,  1998).  Cripto  was  detected  in  human 
breast  cancers,  accompanied  by  members  of  the  EGF 
ligand  family  (Panico  et  al.,  1996)  and  in  the  early 
invasive  stage  of  cervical  carcinoma  (Ertoy  et  al.,  2000). 
A  recent  review  analyzes  the  incidence  of  immunoreac- 
tive  Cripto  in  breast,  colon,  stomach,  pancreas,  lung, 
ovary,  endometrium,  testis,  bladder,  and  prostate 
tumors  (Salomon  et  al.,  2000).  The  highest  significant 
increase  in  expression  of  Cripto  compared  to  non- 
involved  epithelium  was  in  colon,  stomach,  pancreas, 
breast,  lung,  and  bladder  carcinoma.  It  was  noted  that 
the  level  of  expression  increases  with  degree  of  dysplasia 
from  pre-malignant  to  metastatic  disease  in  gastric 
cancer.  Given  the  common  finding  of  the  over-expression 
of  several  EGF-related  growth  factors  simultaneously, 
together  with  receptor  proteins,  EGFR  (HER1)  and 
ErbB2  (HER2),  the  additive  or  synergistic  effect 
may  play  a  significant  role  in  tumorigenesis.  Cripto 
over-expression  was  shown  to  repress  the  expression 
of  E-cadherin  and  other  epithelial  markers  such 
that  epithelial  integrity  was  compromised.  This  indi¬ 
cates  that  Cripto  over-expression  could  be  tumorigenic 
in  vivo. 

Animal  models  have  been  useful  in  defining  molecular 
interactions  in  the  mammary  glands  of  transgenic 
mice  by  over-expressing  a  transgene  from  a  mammary- 
specific  promoter  such  as  the  mouse  mammary  tumor 
virus-LTR  (MMTV).  To  determine  if  Cripto  over-ex¬ 
pression  alone  can  cause  tumor  formation,  MMTV-CR-1 
transgenic  mice  have  been  developed  (Wechselberger 
et  al.,  unpublished  communications).  The  results  so 
far  show  that  mammary  hyperplasias  occur  in  multi¬ 
parous  females  and  about  35%  of  multiparous  females 
develop  papillary  adenocarcinomas  of  the  mammary 
gland.  In  virgin  females,  there  is  a  dramatic  increase  in 
ductal  morphogenesis  (lateral  side  branching)  and 
intraductal  hyperplasia. 

SIMILARITIES  OF  CRIPTO  TO  THE  FIBROBLAST 
GROWTH  FACTOR  (FGF)  FAMILY 

The  similarity  of  Cripto  to  FGF  is  not  immediately 
obvious,  but  several  features  are  shared.  First,  the  frog 
Xenopus  laevis  EGF-CFC  protein  homologue,  Frl-1,  was 
cloned  from  its  binding  to  the  Xenopus  FGF  receptor 
using  a  functional  screen  in  yeast  (Kinoshita  et  al., 
1995).  Secondly,  both  have  essential  functions  in 
mesoderm  and  axis  formation  and  patterning  in  devel¬ 
oping  embryos.  Thirdly,  although  Cripto  does  not  bind  to 
the  FGFR-1  directly,  it  does  have  a  common  docking 
protein,  FGFR  substrate-2  (FRS2).  FRS2  binds  to 
activated  FGFR1  via  its  phosphotyrosine-binding 
(PTB)  domain,  and  activates  Grb2  and  Sos  to  signal 
through  the  RAS/MAPK pathway  (Kouhara  et  al.,  1997; 
Ong  et  al.,  2000).  FRS2  is  able  to  attach  to  the  plasma 
membrane  through  myristylation,  thus  bringingit  (and 
the  FGFR)  close  to  lipid  rafts  where  Cripto  is  anchored. 
Finally,  a  remarkable  finding  using  three-dimensional 
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Fig.  2.  Molecular  structures.  A:  View  of  a  model  for  Cripto  superimposed  onto  the  basic  FGF  structure 
(2bfh).  The  Ca  traces  are  shown,  Cripto  in  magenta;  FGF  in  cyan.  B:  Cripto  model  with  EGF-like  domain 
in  red  and  the  CFC  domain  in  blue.  Disulfide  bonds  are  shown  in  yellow.  Reproduced  from  Minchiotti  et  al. 
(2001)  by  permission  of  the  publisher. 


protein  structure  searches  produced  a  very  distinct 
match  between  the  folded  structure  of  Cripto  and  the  P- 
trefoil  structure  of  FGF2  (Ponting  and  Russell,  2000; 
Minchiotti  et  ah,  2001).  The  overlap  in  these  structures 
is  reproduced  in  Figure  2A,  the  resulting  predicted 
structure  of  Cripto  is  shown  in  Figure  2B. 

The  p-trefoil  structure  is  not  restricted  to  the  FGF 
family,  but  occurs  widely  in  other  factors  such  as  the 
lymphokine,  interleukin  1.  A  binding  domain  within 
this  structure  may  contribute  to  the  ability  of  FGFs  and 
Cripto  to  bind  to  heparin  sulfate  proteoglycans  (HSPG) 
on  the  cell  surface  and  in  the  matrix  of  the  basal  lamina. 
Binding  to  matrix  is  thought  to  enhance  the  affinity  of 
cell  receptors  for  growth  factors  held  within.  These  are 
important  clues  in  predicting  how  Cripto  could  have 
distinct  types  of  receptors  for  each  type  of  activity 
(see  below). 

MECHANISMS  UNDERLYING  THE 
ACTIVITIES  OF  CRIPTO 
Signaling  pathway 

See  recent  reviews  for  details  of  the  developmental 
signaling  pathways  operating  for  the  EGF-CFC  family 
of  ligands  (Schier  and  Shen,  2000;  Shen  and  Schier, 
2000;  Schier,  2001).  Cripto  was  first  assigned  to  the 
Epidermal  Growth  Factor  (EGF)-like  family  of  ligands, 
but  the  EGF-like  domain  is  unable  to  bind  to  any  of  the 
EGFR  family  of  receptors.  However,  it  does  cross-talk 
with  the  ErbB4  receptor  and  the  FGFR-1  indirectly, 
stimulating  the  tyrosine  phosphorylation  of  these 
receptors  and  contributing  to  the  subsequent  stimula¬ 
tion  of  growth  (Bianco  et  al.,  1999;  Salomon  et  al.,  1999). 
The  first  studies  of  the  receptor  in  mammary  epithelial 
and  A431  cells  using  recombinant  [126I] -Cripto,  found  no 
binding  to  any  ErbB  receptors.  ErbB4  was  shown  to  be 
activated  and  tyrosine  phosphorylated  by  Cripto,  but 
not  by  binding  directly.  The  activation  occurred  through 
crosstalk  via  unknown  receptor/adapters,  such  as  c-Src 
to  the  ErbB4  receptor.  c-Src  can  activate  She  which  then 
complexes  with  Grb2  and  Sos,  for  subsequent  activation 


of  the  Ras/Raf/MEK/MAPK  pathway  to  stimulate 
transcription  factor  activity  in  the  nucleus  (Kannan 
et  al.,  1997).  This  pathway  may  explain  the  proliferative 
effect  of  Cripto,  but  how  the  signals  are  generated  is  still 
unclear.  A  further  clue  to  the  receptor  moieties  is  that 
Cripto  stimulates  the  rapid  appearance  of  phosphory¬ 
lated  proteins  of  185  kDa  (likely  ErbB4)  and  120, 80,  and 
60  kDa  and  recently  the  possible  identity  of  these 
intermediaries  has  been  suggested  (see  below)  In  addi¬ 
tion,  PI3  kinase  was  shown  to  be  activated  by  Cripto 
because  treatment  with  the  PI3Kinase  inhibitor, 
LY294002  blocked  PI3Kinase  activation  and  the  inhibi¬ 
tory  effect  of  Cripto  on  P-casein  protein  synthesis  in  HC- 
11  cells.  The  data  suggest  that  human  Cripto  can 
function  as  a  survival  factor  through  a  PI3K-dependent 
signaling  pathway  involving  AKT  and  GSK-3P.  This 
pathway  could  also  explain  the  effects  of  Cripto  on 
differentiation  (De  Santis  et  al.,  1997;  Ebert  et  al.,  1999). 

The  interactions  of  the  EGF-CFC  proteins  in  Xenopus 
and  Zebrafish  have  produced  good  evidence  for  the 
receptors  that  are  vital  for  developmental  signaling.  In 
these  species,  Cripto  is  required  for  A/P  axis  and 
mesodermal  patterning,  while  Cryptic  regulates  left- 
right  asymmetry  in  the  heart  and  other  organs.  Cripto 
and  Cryptic  are  represented  by  one  member  of  the 
family,  Frl-1  in  Xenopus  and  Oep  in  the  Zebrafish,  Danio 
rerio  and  they  regulate  both  axis/mesoderm  formation 
and  left-right  asymmetry.  The  embryos  of  these  species 
are  readily  manipulated  to  express  exogenous  mRNA 
and  in  some  studies,  heterologous  soluble  EGF-CFC 
proteins  have  been  injected  to  test  their  effects  on 
subsequent  development.  In  Zebrafish,  strong  genetic 
evidence  has  indicated  that  EGF-CFC  proteins  render 
cells  competent  to  respond  to  an  instructive  signal  such 
as  Nodal,  or  another  TGFp  ligand.  The  receptor  for  the 
Oep+Nodal  ligands  is  an  Activin-type  RUB  that 
requires  an  Activin  RIB  partner  to  activate  the  Smad2/ 
Smad3  signaling  pathway  (Gritsman  et  al.,  1999).  For 
example,  recombinant  Nodal  protein  was  able  to  induce 
Smad2  activation  by  this  pathway  in  mouse  EC  (P19) 
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cells,  but  only  when  Cripto  was  expressed  (Kumar  et  al., 

2001). 

Receptor  reconstitution  experiments,  have  shown 
that  Cripto  interacts  with  ALK4,  an  Activin  Type  RIB 
receptor  to  permit  Nodal  binding  to  the  ALK4/Act-IIRB 
complex,  leading  to  Smad  phosphorylation  (Yeo  and 
Whitman,  2001).  The  effect  of  mutations  of  single  codons 
in  Cripto  were  tested  for  their  effects  as  measured  by 
phospho-Smad  analysis.  Injection  of  synthetic  C-termi- 
nus  tagged  mouse  Cripto  mRNA  into  Xenopus  embryos 
confirmed  the  requirement  for  both  the  EGF-like  and 
the  CFC  domains.  The  Activin  receptor  ALK4  is  able  to 
mediate  Nodal  signaling,  but  only  in  the  presence  to 
Cripto;  accordingly,  recombinant  Cripto  protein  binds 
directly  both  Nodal  and  Alk4  receptor  (Reissmann  et  al., 
2001).  In  Xenopus  embryo  animal  caps,  the  orphan  type 
I  serine/threonine  kinase  receptor  ALK7  can  also  act  as 
a  receptor  for  mouse  Nodal  and  Xenopus  Nodal-related  1 
(Xnrl)  in  receptor  reconstitution  experiments,  indicat¬ 
ing  that  ALK7  can  also  interact  with  ActRIIB  to  confer 
responsiveness  to  Xnrl  and  Nodal.  Both  ALK4  and 
ALK7  receptors  can  independently  bind  Xnrl.  In 
addition,  Cripto  is  implicated  in  Nodal  signaling  via 
ALK7,  since  its  expression  enhances  the  ability  of  ALK7 
and  ActRIIB  to  respond  to  Nodal  ligands  and  it  binds 
directly  Alk7  in  co-immunoprecipitation  assays  (Reiss¬ 
mann  et  al.,  2001).  Cripto  was  found  to  be  required  for 
Nodal  signaling  to  Smad2,  but  not  for  Nodal  to  inhibit 
Bone  Morphogenetic  Protein  (BMP)  signaling  (Yeo  and 
Whitman,  2001). 

The  Zebrafish  maternal-zygotic  one-eyed  pinhead 
(M zoep  mutant  that  lacks  EGF-CFC  gene  expression 
has  defects  in  anterior -posterior  axis,  defective  trunk 
formation,  as  well  as  L/R  asymmetry  defects  and  the 
presence  of  a  single  midline  eye.  Studies  using  the 
mutant  animal  can  be  informative  by  the  injection  of 
recombinant  protein  or  mRNA  into  embryos  to  deter¬ 
mine  the  degree  of  rescue  of  the  mutant  phenotype.  In 
spite  of  the  species  and  sequence  difference,  wild-type 
mouse  Cripto  or  Xenopus  Frl-1  proteins  can  fully  rescue 
the  trunk  defects  of  oep  mutants  and  the  soluble  protein 
lacking  the  last  16  amino  acids  is  also  active  (Gritsman 
etal.,  1999;  Minchiotti  et  al.,  2001).  Of  several  mutations 
in  single  amino  acids  in  mouse  Cripto  that  were  tested, 
two  in  the  EGF-like  domain  (G71  and  F78)  lead  to  loss  of 
rescue  function,  defining  these  residues  as  essential  for 
Cripto  function,  at  least  in  this  assay.  A  further  four 
mutations  in  the  EGF-like  domain  and  four  more  in  the 
CFC-domain  gave  intermediate  rescue  in  a  dose- 
dependent  manner.  A  structural  model  that  predicts  in 
silico,  the  molecular  shape  of  Cripto  was  built  (Fig.  2) 
and  shows  that  the  most  critical  residues  are  grouped  at 
one  side  of  the  molecule.  Important  residues  in  the  EGF- 
like  (N67,  S77,  R88,  and  E91)  and  CFC  domain  (H104, 
LI  14,  L122,  and  R116)  are  required,  indicating  the 
cooperation  of  both  these  motifs  in  forming  an  active  site 
(Minchiotti  et  al.,  2001).  These  data  will  be  useful  in 
testing  how  Cripto  interacts  with  its  putative  receptors 
and  whether  different  receptors  are  utilized  in  different 
tissues. 

The  question  of  receptor  usage  was  posed  for  the 
effects  of  Cripto  in  mammary  epithelial  cells.  Is  Nodal,  a 
molecule  thought  to  be  restricted  to  the  early  embryo, 
expressed  in  this  tissue?  Surprisingly,  the  answer  was 


affirmative  as  tested  by  Bianco  et  al.  (2002).  A  human 
brain  phage-display  library  with  human  recombinant 
Cripto  as  bait,  was  used  to  detect  and  identify  a  receptor 
in  mammary  epithelial  cells.  Phage  inserts  with  identity 
to  the  Type  I  Activin  receptor  RIB/ALK4,  were  detected, 
and  shown  to  bind  to  and  immunoprecipitate  with 
Cripto.  No  Activin  Type  II  partner  for  normal  Activin 
receptor  activity  was  found  on  the  surface  of  mouse 
mammary  cells.  However,  Nodal  was  found  to  be 
expressed  after  embryogenesis  in  the  mammary  gland 
and  to  be  required  together  with  ALK4  for  Cripto 
signaling  via  Smad2  phosphorylation  in  epithelial  cells 
(Bianco  et  al,  2002).  When  recombinant  extracellular 
domains  of  these  Activin  receptors  were  tested  in  an 
ELISA  binding  assay,  soluble  Cripto  bound  specifically 
and  with  high  affinity  to  the  extracellular  domain  (ECD) 
of  ALK4,  but  not  the  ECDs  of  Activin  RIIA  or 
ActivinRIIB.  In  this  in  vitro  assay,  Cripto  bound  to 
ALK4  in  the  absence  of  any  co-receptor.  The  levels  of 
mRNA  expressed  in  the  developing  mammary  gland 
measured  by  RT-PCR,  show  that  the  pattern  of  expres¬ 
sion  levels  of  Cripto  and  Nodal  are  parallel  while  ALK4 
expression  remains  unchanged  through  puberty,  preg¬ 
nancy,  and  lactation.  ActRIIB  is  also  expressed  through¬ 
out  development  of  the  mammary  gland  with  an 
increase  during  lactation.  Therefore,  in  the  mouse, 
mammary  cells  do  express  the  Activin  receptor  partner 
to  ALK4,  even  though  it  does  not  seem  to  be  required  for 
Cripto  binding  and  signaling  by  Nodal.  Only  Nodal, 
Cripto,  and  ALK4  are  required  to  generate  a  signal  in 
a  mammary  cell  line,  to  activate  Smad2.  Independent 
of  this  signaling  pathway,  Cripto  can  also  activate 
the  MAPK  and  the  Akt  pathways  in  the  same  mammary 
epithelial  cells  and  this  does  not  require  Nodal  or 
ALK4.  Therefore,  the  morphogenesis  signaling  path¬ 
way  may  be  generated  via  Nodal,  ALK4,  and  Smad2,  but 
the  proliferative  (transforming?)  pathway  activates 
MAPK  and  Akt.  This  leads  to  the  question  of  how 
Cripto  finds  a  receptor  without  Nodal  as  a  cofactor  and 
of  the  nature  of  the  receptor.  (For  a  recent  review 
on  Activins  in  organ  development,  see  Ball  and  Ris- 
bridger,  2001.) 

CRIPTO  RECEPTOR(S) 

We  hypothesize  that  the  GPI-anchored  extracellular 
form  of  the  Cripto  molecule  is  a  crucial  characteristic  for 
some  of  its  biological  functions  based  on  autocrine 
effects,  ligand  recognition,  ligand-receptor  binding 
strength  and/or  efficiency,  and  possibly  also  to  generate 
the  signals  and  graded  responses  by  the  receptor 
into  the  selection  of  specific  signaling  pathways.  How¬ 
ever,  the  soluble  monomer  form  is  also  active  and  must 
bind  to  a  receptor  or  a  co-receptor  at  the  membrane.  The 
type  of  Cripto  receptor  and  the  affinity  of  binding  are 
hypothesized  to  play  a  large  role  in  the  specific  signaling 
pathway  used  and  in  the  specific  response  produced  in  a 
target  cell.  There  is  no  evidence  that  Cripto  needs  to  be 
activated  by  dimerization,  although  this  cannot  be  ruled 
out  once  it  has  bound  to  a  receptor.  In  general,  the  more 
intense  the  stimulus,  the  more  variable  the  response 
may  be.  For  instance,  some  growth  factors  including 
Cripto,  can  affect  cell  shape  and  cell  migration  by 
secondary  effects  on  the  cytoskeleton,  as  well  as  stimul¬ 
ating  cell  proliferation.  This  may  involve  interactions 
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with  the  extracellular  matrix  and  these  are  included  in 
the  following  models. 

There  are  at  least  five  cellular  responses  that  Cripto 
can  stimulate.  They  are  morphogenesis/differentiation, 
survival,  proliferation,  deregulated  or  transformed 
growth,  and  increased  motility.  The  scheme  illustrated 
in  Figure  3A  offers  the  simplest  combination  of  mole¬ 
cular  components  of  a  small  class  of  proteins  that  can  be 
assembled  at  the  membrane  through  the  special  proper¬ 
ties  of  lipid  rafts.  Lipid  rafts  are  structures  that 
interrupt  the  lipid  bilayer  at  the  surface  of  cells  by  their 
disordered  composition  consisting  of  high  levels  of 
cholesterol  and  sphingolipids.  Lipid  rafts  can  form  the 
anchorage  for  extracellular  molecules  that  have  GPI 
linkages  and  for  intracellular  signaling  molecules  such 
as  c-Src  and  FRS2,  that  have  myristylated  or  acylated 
extensions  that  enter  the  lipid  raft  from  inside  the  cell. 
The  assumption  is  that  once  in  the  raft,  they  can  interact 
without  requiring  the  protein  backbone  to  be  in  contact. 
Model  A  depicts  that  Cripto  could  interact  with  c-Src, 
the  most  common  of  the  non-receptor  tyrosine  kinases 
that  attach  in  this  way  to  the  membrane.  There  is  good 
reason  to  think  that  c-Src  is  a  partner  in  this  and  other 
schemes,  because  when  Src-like  kinases  are  treated 
with  the  inhibitors,  PP1  or  PP2,  downstream  activation 
(i.e.,  tyrosine  transphosphorylation)  of  ErbB4  and 
MAPK  is  blocked  in  a  number  of  mouse  and  human 
mammary  epithelial  cell  lines  (Salomon  et  al.,  2000). 
The  data  suggest  that  c-Src  is  the  upstream  activator 
that  is  directly  coupled  to  Cripto  through  an  ALK-4  and 
Nodal-independent  signaling  pathway  because  ErbB-4 
transphosphorylation  and  MAPK  activation  are  not 
blocked  by  a  DN-ALK4  in  cells  that  are  also  null  for 
Nodal  expression.  Alternatively,  in  Model  B,  an  uni¬ 
dentified  receptor  kinase  is  also  inserted  into  or  adj  acent 
to  the  lipid  raft  where  Cripto  can  interact  without  bind¬ 
ing  directly.  Possibly  this  is  how  ErbB4  might  become 
phosphorylated.  The  importance  of  ErbB4  to  signaling 
in  transformed  mammary  epithelial  cells  was  shown 
using  a  ribozyme  vector  to  reduce  ErbB4  expression  in 
T47-D  human  breast  cancer  cells.  MAPK  activation  by 
Cripto  was  severely  attenuated  in  these  cells.  Whether 
this  is  also  true  for  other  breast  cancer  cell  lines  or  other 
non-transformed  mouse  or  human  mammary  epithelial 
cells  that  also  respond  to  Cripto  with  respect  to  MAPK 
activation  is  not  known. 

The  signaling  pathway  utilized  by  Cripto  in  the 
embryo  and  possibly  in  the  developing  mammary  gland 
is  probably  best  represented  by  Model  C  in  Figure  3.  In 
these  tissues,  Cripto  binds  to  and  requires  Nodal,  which 
binds  to  the  Activin  Type  IB/ALK4  Receptor;  probably 
the  p60  kDa  protein  shown  to  bind  to  Cripto  (Bianco 
et  al.,  1999).  In  the  embryo  and  mammary  gland,  the 
ALK4  receptor  partner  is  ActHB.  The  activation  of 
ALK4  leads  to  the  phosphorylation  of  Smad2  and  3 
leading  to  the  activation  of  Smad4,  which  then  carries 
the  signal  to  the  nucleus  for  cellular  responses  by  target 
gene  regulation.  Model  D  is  a  variant  of  model  B, 
wherein  GPI-anchored  Cripto,  in  lipid  rafts  can  interact 
with  myristylated  c-Src  and  with  myr-FRS2  that  can 
bind  to  the  FGFR1  when  activated.  The  FGF/FGFR/ 
FRS2  pathway  operates  in  embryos  in  response  to  FGF 
(Ong  et  al.,  2000;  Kusakabe  et  al.,  2001)  and  in  the 
development  of  the  mammary  gland.  FGFR2  has  been 


shown  to  play  a  role  in  ductal  morphogenesis  in  the 
virgin  mammary  gland  and  in  alveolar— lobular  devel¬ 
opment  during  pregnancy  (Jackson  et  al.,  1997)  and 
FGFs  and  FGFR1  are  expressed  on  breast  cancer  cells 
(Yoshimura  et  al.,  1998).  Activated  FRS2  can  bind  to 
Grb2  and  to  the  phosphatase  Shp2  to  crosstalk  with 
pathways  leading  to  growth  and  motility.  This  indirect 
binding  via  the  FGF  signaling  pathway  is  another 
possible  effect  of  Cripto. 

The  cytokine  receptor  gpl30  and  its  partner  LIFR  are 
expressed  in  breast  cancer  cells  (Douglas  et  al.,  1997). 
LIF,  the  ligand  for  this  receptor  is  also  expressed  in 
breast  cancer  cells  (Chiu  et  al.,  1996)  and  has  been 
shown  to  stimulate  the  growth  of  breast  cancer  cell  lines, 
but  with  less  effect  on  normal  mammary  cells  (Estrov 
et  al.,  1995).  It  is  possible  that  breast  cell  growth  is,  in 
part,  regulated  by  Cripto  interaction  with  this  cytokine 
system  (model  E  in  Fig.  3).  Note  that  the  molecular  size 
of  gpl30  is  similar  to  the  size  of  one  of  the  proteins  that  is 
detected  after  cross-linking  to  Cripto  (Bianco  et  al., 
1999).  LIF  inhibits  the  differentiation  of  ES  cells  and 
also  induces  branching  tubulogenesis  in  the  developing 
kidney  (Sariola,  2001),  although  a  similar  effect  has  not 
been  tested  in  the  mammary  gland.  There  is  also 
evidence  for  a  role  for  LIF  and  other  members  of  the 
IL6  family  of  cytokines  in  cardiomyocyte  growth  and 
function.  In  ES  cell  aggregates  or  EBs  differentiating  to 
cardiomyocytes  as  described  earlier,  LIF  has  to  be 
removed  for  differentiation  to  start.  Since  ES  cells 
express  Cripto,  we  speculate  that  Cripto  could  bind 
and  replace  LIF  on  the  receptor  pair,  LIFR/gpl30 
heterodimer  depicted  in  Figure  3E  activate  the  Jak/Stat 
pathway  for  differentiation  of  cardiomyocytes.  Consider 
also  that  this  receptor  pair  is  known  to  play  a  role  in 
cardiomyocyte  function,  for  instance,  in  stress  responses 
leading  to  cardiomyocyte  enlargement  and  heart  failure 
(Hirota  et  al.,  1999).  Another  cytokine,  cardiotrophinl, 
also  rapidly  activates  the  LIFR/gpl30  receptor  hetero¬ 
dimer  on  ES  cells  and  leads  to  the  tyrosine  phosphoryla¬ 
tion  of  gpl30  in  developing  cardiomyocytes  (Wollert  and 
Chien,  1997).  Similarly  LIF  or  IL6  additions  to  cardio¬ 
myocyte  cultures  cause  the  cells  to  stimulate  myosin 
light  chain  protein  (MLC-2)  by  signaling  via  the  Jak/ 
Stat  pathway  to  increase  cardiomyocyte  size  (Kodama 
et  al.,  1997).  It  is  possible,  therefore,  that  Cripto  inter¬ 
acts  with  this  receptor  system  to  regulate  the  develop¬ 
ment  of  the  cardiomyocyte  during  embryogenesis.  In 
cancer  cells  the  Stat  pathway  becomes  readily  unregu¬ 
lated.  Constitutive  activation  of  Stat3  has  been  detected 
in  a  large  range  of  human  breast  cancer  cells  and  was 
shown  to  be  maintained  by  upstream  Src  and  Jak  acti¬ 
vation  and  probably  generated  via  activated  tyrosine 
kinase  receptors.  The  application  of  a  dominant  nega¬ 
tive  Stat3  induced  apoptosis  (Garcia  et  al,  2001) 
indicating  the  importance  of  the  Stat  transcription 
factors  in  tumorigenesis.  Perhaps  the  activation  of  the 
Cripto  receptor  exacerbates  this  effect  in  mammary 
cancer  cells. 

Many  different  cell  surface  and  matrix  proteoglycan 
core  proteins  are  expressed  in  the  mammary  gland  and 
in  mammary  cells  in  culture.  Heparan  sulfate  proteo¬ 
glycans  at  the  cell  surface  modulate  the  activities  of  a 
large  number  of  extracellular  ligands  such  as  TGFp, 
VEGF,  FGF,  HGF,  and  Wnts  (Bernfield  et  al.,  1999). 
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Fig.  3.  Putative  Cripto  receptors  and  some  signaling  factors  that 
may  operate  in  the  mammary  gland.  A:  The  simplest  mode  for  Cripto 
interaction  with  the  intracellular  signaling  component  c-Src,  to 
activate  growth,  survival,  and  metastatic  pathways.  This  is  possible 
through  the  location  of  the  partners  in  lipid  rafts  that  can  bring  factors 
together  by  their  concentration  there.  B:  Cripto  is  known  to  activate 
the  ErbB4  receptor,  but  only  indirectly.  This  is  known  to  be  important 
for  proliferative  responses.  C:  Cripto  acts  as  a  cofactor  with  Nodal  to 
activate  the  ALK4  (Act-RIB).  The  involvement  of  an  Act-RIEB  does  not 
appear  to  be  necessary  as  described  by  Bianco  et  al.  (unpublished 
communications).  D:  Cripto  is  known  to  activate  the  FGF  Receptor-I 
through  the  intermediary  FRS2,  to  activate  the  MAPK  pathway. 
E:  Cripto  could  also  interact  with  the  gpl30/LIFR  cytokine  receptor 
complex  that  is  found  on  ES  cells  and  mammary  carcinoma  cells,  but 
there  is  as  yet  no  evidence  for  this.  F:  Cripto  is  likely  to  find  another 
component  in  lipid  rafts,  the  proteoglycan  glypican,  whose  GAG 
moieties  can  bind  a  number  of  growth  factors.  Thus  glypican  may  act 
as  a  receptor  or  co-receptor.  G:  The  mucin  family  of  glycoproteins  are 
over-expressed  in  mammary  carcinoma  cells  and  the  membrane 
inserted  component  of  MUC4  could  also  act  as  an  adapter  for  crosstalk 
with  the  ErbB  family. 


A  molecule  of  Mrl30  kDa  is  a  good  candidate  for 
performing  a  role  as  a  Cripto  receptor  or  co-receptor  if 
it  is  known  to  be  expressed  in  a  manner  that  parallels  the 
levels  and  activities  of  Cripto.  Glypican  is  a  candidate 
because  it  is  an  extracellular  proteoglycan  of  130  kDa 
that  is  GPI  inserted  into  lipid  rafts  in  the  membrane 
(Delehedde  et  al.,  2001)  and  is  known  to  act  as  a  cofactor 
in  FGF  and  TGFp  signaling.  Glypican  is  known  to  bind 
to  some  isoforms  of  VEGF  to  potentiate  binding  to  the 
Flkl  receptor  and  to  stimulate  angiogenesis  (Robinson 
and  Stringer,  2001).  Proteoglycans  can  bind  multiple 
proteins  simultaneously  and  bring  them  together. 
Therefore  glypican  could  serve  as  a  cofactor  to  bind 
soluble  Cripto  to  promote  synergy  with  other  growth 
factors  and  their  receptors  (Fig.  3F)  and  this  could  be 
readily  tested.  A  similar  format  could  operate  for  the 
sialomucins  (see  Fig.  3G  for  a  model).  Mucins  are  a 


large  group  of  proteins  that  contain  O-linked  sacchar¬ 
ides  of  which  the  larger  molecules  are  viscous  and 
generally  have  a  protective  function  for  the  cell.  Some 
mucins  are  membrane  inserted  and  some  are  soluble. 
For  example,  Muc4/Smc  is  formed  from  a  single  poly¬ 
peptide  chain  that  is  proteolytically  cleaved  into  a 
heterodimer.  One  subunit,  ASGP-2  (sialoglycoprotein) 
is  a  membrane  inserted  protein  with  two  EGF-like 
domains  and  is  a  partner  to  the  larger  polypeptide, 
ASPG-1  of  120-140  kDa,  that  is  heavily  decorated  with 
proteoglycan  chains  (Sherblom  and  Carraway,  1980). 
FGF-like  proteins  such  as  Cripto  can  bind  to  HSPG 
moieties  and  potentially  generate  a  signal  through  the 
EGF  domains  in  the  ASPG-2  chain,  which  have  con¬ 
sensus  binding  sequences  for  the  ErbB  receptors.  In  this 
respect,  ASGP-2  was  shown  to  co-immunoprecipitate 
with  ErbB2  (Sheng  et  al.,  1992).  Interestingly,  the 
expression  of  Muc4  during  mammary  development 
parallels  that  of  Cripto  and  Muc4,  like  Cripto,  is  secreted 
into  the  milk.  In  general  Muc4  is  over-expressed  in 
cancer  cells  and  inhibits  cell-cell  interaction,  thus 
contributing  to  invasiveness  and  metastatic  behavior 
of  cells.  A  different  proteoglycan,  DC3/Mucl  is  also 
associated  with  breast  cancer  and  is  able  to  bind  to  c-Src 
after  its  phosphorylation  by  the  activated  EGF  receptor 
(Li  et  al.,  2001).  This  may  also  serve  to  crosstalk  with 
Cripto.  (For  more  details  on  proteoglycan  roles  in  breast 
cancer  see  a  recent  review  Carraway  et  al.,  2001).  These 
suggestions  for  possible  new  types  of  receptors  for  the 
Cripto  growth  factor  have  some  credence  and  could 
provide  some  avenues  to  explore. 

CONCLUSIONS  AND  POSSmiLITIES 
FOR  CANCER  THERAPEUTICS 
Cripto  as  a  marker 

Cripto  could  be  an  important  indicator  of  the  initiation 
of  transformation  and  degree  of  progression  of  the 
tumorigenic  process,  in  carcinoma  of  the  breast,  colon, 
lung,  pancreas,  stomach,  and  bladder.  Cripto  is  cer¬ 
tainly  synthesized  at  increasing  levels  with  the  progres¬ 
sion  of  mammary  tumor  development  in  animal  models 
(Kenney  et  al.,  1996;  Niemeyer  et  al.,  1999).  Cripto  has 
also  been  shown  to  cause  mammary  adenocarcinoma  in 
transgenic  mice  over-expressing  Cripto  in  mammary 
tissue. 

Cripto  activates  a  number 
of  signaling  pathways 

Cripto  activates  a  number  of  signaling  pathways  of 
which  the  most  defined  is  during  development.  In  this 
case  Cripto  functions  as  a  cofactor  for  Nodal,  an 
important  morphogen,  binding  Activin  receptor  hetero¬ 
dimers  and  signaling  through  the  Smad  transcription 
factor  pathway.  Cripto  may  perform  several  roles  in  the 
mammary  gland  by  stimulating  ductal  morphogenesis 
in  the  virgin  animal;  by  regulating  the  proliferation  of 
lobular- alveolar  epithelial  cells  during  pregnancy;  and 
in  the  inhibition  of  the  production  of  milk  after  lactation 
and  possibly  by  contributing  to  apoptosis  of  the  epithe¬ 
lial  cells  at  the  end  of  lactation.  High  levels  of  Cripto  fall 
to  undetectable  levels  in  the  resting  gland  and  only  rise 
again  in  the  event  of  inappropriate  conditions  leading  to 
hyperplasia  and  tumorigenic  progression.  During  the 
development  of  the  mammary  gland,  Nodal  may  be 
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required  with  Cripto  to  interact  with  the  Activin 
receptors  ALK4  or  ALK7,  to  signal  via  the  Smad 
transcription  factors. 

Cripto  can  activate  the  ErbB4 
receptor  indirectly 

Cripto  can  activate  the  ErbB4  receptor  indirectly  by  as 
yet  unknown  mechanism(s)  and  this  may  be  an  essential 
signal  during  lactation  where  ErbB4  performs  an 
obligatory  role  in  regulating  milk  protein  expression 
(Jones  et  al.,  1999),  andwhere  c-Src  is  a  required  effector 
in  this  situation.  What  is  needed  now  is  a  search  for 
other  receptors  that  may  act  through  specific  mechan¬ 
isms  in  specific  cell  types  to  mediate  Cripto  functions. 

Other  receptors  or  co-receptors 

Receptors  that  have  been  found  to  be  over-expressed 
in  tumor  cell  lines,  especially  mammary  tumor  cells  and 
mammary  tumors,  include  ErbB  receptors,  FGF  recep¬ 
tors,  the  cytokine  receptors,  proteoglycans  glypican 
and  the  sialomucins.  These  components  of  the  normal 
cell  become  elevated  in  breast  cancer  tissues  and  could 
lead  to  one  or  all  of  the  putative  signaling  programs 
outlined  here.  In  addition,  ligands  for  the  ErbB  and 
FGF  receptors  also  become  over-expressed  to  create 
positive  feedback  loops.  All  of  these  may  contribute  to 
increasing  progression  of  growth  rates  that  increase 
the  chances  of  genetic  changes  and  to  inappropriate 
survival  of  transformed  cells  and  to  the  loss  of  cell 
adhesion  leading  to  metastases.  Each  of  these  avenues  is 
worthy  of  study. 

Attention  to  some  candidate  receptors 

This  review  draws  attention  to  some  candidate 
receptors,  but  more  study  is  needed.  Cripto  itself  or  its 
receptor(s)  may  be  appropriate  therapeutic  targets  in 
cancer,  or  more  usefully,  the  prevention  of  Cripto  re¬ 
expression  or  action.  In  one  approach,  a  ribozyme-based 
vector  was  designed  that  inhibited  Cripto  translation 
(Kintner  and  Hosick,  1998).  Likewise,  the  use  of  AS 
oligonucleotides  against  Cripto  have  shown  activity 
in  inhibiting  breast,  colon,  and  ovarian  cell  growth 
(Normanno  et  al.,  2001). 

Over-expressed  growth  factors 

It  should  be  kept  in  mind  that  many  other  growth 
factors  when  over-expressed,  are  tumorigenic  in  the 
mammary  gland.  Therefore,  it  is  likely  that  no  single 
growth  factor  will  hold  the  masterkey  to  therapy.  In  this 
respect  a  mixture  of  AS  oligonucleotides  to  Amphiregu- 
lin,  Cripto  and  TGFa  was  shown  to  inhibit  the  growth  of 
a  human  breast  carcinoma  cell  line  in  vitro,  when 
individually  applied  at  0.7  [iM  each  (De  Luca  et  al., 
1999).  The  combination  of  different  AS  oligos  signifi¬ 
cantly  reduced  xenograft  tumor  growth  in  nude  mice 
treated  in  vivo,  suggesting  a  possible  therapeutic 
approach  (De  Luca  et  al.,  2000). 

Structure  of  cripto 

Knowledge  of  the  structure  of  Cripto  and  its  receptors 
will  be  a  first  goal  towards  intercepting  the  binding  of 
Cripto  and  blocking  the  generation  of  transforming 
signals.  Since  this  does  not  require  the  agent  to  enter 
cells,  it  is  a  desirable  approach  to  therapy.  Ultimately, 


only  understanding  the  signal  pathway  may  provide  a 
common  therapeutic  target  that  may  be  a  more  general 
focus  for  intervention.  If  the  hypothesis  is  correct  that 
Cripto  operates  through  several  signaling  pathways, 
each  leading  to  a  distinct  response,  then  it  will  be 
possible  to  target  tumor  cells  specifically. 
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The  molecular  mechanisms  controlling  inductive  events  of  time  results  in  a  direct  conversion  of  ES  cells  into  a 
leading  to  the  specification  and  terminal  differentiation  neural  fate.  Moreover,  the  induction  of  Cripto  activates 

of  cardiomyocytes  are  still  largely  unknown.  We  the  Smad2  pathway,  and  overexpression  of  activated 

have  investigated  the  role  of  Cripto,  an  EGF-CFC  factor,  in  forms  of  type  I  receptor  ActRIB  compensates  for  the  lack  of 
the  earliest  stages  of  cardiomyogenesis.  We  find  that  both  Cripto  signaling  in  promoting  cardiomyogenesis.  Finally, 

the  timing  of  initiation  and  the  duration  of  Cripto  signaling  we  show  that  Nodal  antagonists  inhibit  Cripto-regulated 

are  crucial  for  priming  differentiation  of  embryonic  stem  cardiomyocyte  induction  and  differentiation  in  ES  cells.  All 

(ES)  cells  into  cardiomyocytes,  indicating  that  Cripto  acts  together  our  findings  provide  evidence  for  a  novel  role  of 

early  to  determine  the  cardiac  fate.  Furthermore,  we  show  the  Nodal/Cripto/Alk4  pathway  in  this  process, 
that  failure  to  activate  Cripto  signaling  in  this  early  window 


Introduction 

Specification  of  vertebrate  cardiac  mesoderm  is  the  first 
developmental  step  leading  to  heart  formation  occurring 
concurrently  with  gastrulation  (Fishman  and  Chien,  1997). 

The  formation  of  a  vertebrate  heart  from  an  amorphous  field 
of  precursor  cells  takes  place  through  multiple  developmental 
steps,  such  as  determination  of  the  cardiac  field  in  the 
mesoderm,  differentiation  of  cardiac  precursor  cells  into 
cardiomyocytes,  and  heart  morphogenesis  (Olson  and  Sri- 
vastava,  1996).  No  other  early  differentiation  event  is  more 
vital  for  survival;  it  must  occur  in  a  short  time  to  provide  a 
working  circulation  system  for  the  rapidly  growing  embryo 
(Rosenthal  and  Xavier-Neto,  2000).  Precursor  cells,  destined 
for  the  heart,  originate  in  the  lateral  epiblast  and  migrate 
through  the  primitive  streak  to  emerge  as  cardiogenic  meso¬ 
derm  already  specified  as  distinct  cardiac  lineages.  Bilateral 
fields  of  cardiogenic  mesoderm  continue  to  migrate  rostrally 
and  eventually  join  at  their  anterior  boundaries  to  form  the 
cardiac  crescent,  where  they  commit  to  cardiac  fate  (Ro¬ 
senthal  and  Xavier-Neto,  2000).  The  understanding  of  early 
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cardiogenesis  is  of  particular  interest  as  cardiomyocyte  loss 
in  mammals  is  largely  irreversible  and  frequently  underlies 
the  diminished  cardiac  function  associated  with  heart  diseases 
(Gepstein,  2002).  Recently,  some  of  the  secreted  factors 
required  for  cardiogenesis  have  been  identified  (McFadden 
and  Olson,  2002).  Members  of  the  bone  morphogenetic 
protein  (BMP),  Wnt,  and  EGF-CFC  families  have  been 
implicated  in  vertebrate  myocardial  development.  Zebrafish 
with  mutations  in  the  BMP2  homologue  gene  swirl  and 
one-eyed  pinhead  (the  zebrafish  member  of  the  vertebrate 
EGF-CFC  family)  exhibit  severe  defects  in  myocardial 
differentiation  and  reduced  expression  of  two  early  markers 
of  the  myocardial  precursors  Nkx2.5  and  GATA5  (Reiter  et 
al.,  2001).  Results  obtained  in  Xenopus  and  chick  indicate  that 
BMP  signals  from  the  endoderm  induce  cardiomyocyte  fate, 
whereas  Wnt-mediated  signals  from  the  underlying  neural 
tube  and  notochord  suppress  cardiomyocyte  specification 
(Schultheiss  et  al.,  1997;  Marvin  et  al.,  2001;  Tzahor  and 
Lassar,  2001).  It  has  been  hypothesized  that  cardiac  muscle 
cell  specification  is  likely  to  depend  on  the  location  and 

Abbreviations  used  in  this  paper:  BMP,  bone  morphogenetic  protein;  ca, 
constitutively  activated;  Cerberus-S,  Cerberus-Short;  EB,  embryoid  body; 
ES,  embryonic  stem;  HPRT,  hypoxanthine  phosphoribosyltransferase; 
MHC,  myosin  heavy  chain;  MLC,  myosin  light  chain;  wt,  wild  type. 
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duration  of  signals  governing  more  general  developmental 
decisions  in  the  early  embryo  (Rosenthal  and  Xavier-Neto, 
2000).  In  this  scenario,  the  mouse  cripto  gene,  the  founding 
member  of  the  EGF-CFC  family,  appeared  to  have  a  crucial 
role.  In  mouse  embryos,  the  cripto  expression  profile  is  asso¬ 
ciated  with  the  developing  heart  structures  and  is  detected 
first  in  the  precardiac  mesoderm  (Dono  et  al.,  1993).  Later 
on,  at  8.5  dpc,  cripto  expression  is  found  in  the  ventriculus, 
before  being  specifically  restricted,  at  9.5  dpc,  to  the  truncus 
arteriosus  of  the  developing  heart  (Dono  et  al.,  1993).  Nota¬ 
bly,  mouse  cripto  mutants  exhibit  defects  in  myocardial  de¬ 
velopment,  as  evidenced  by  the  absence  of  expression  of  ter¬ 
minal  myocardial  differentiation  genes  such  as  a-myosin 
heavy  chain  (aMHC)  and  myosin  light  chain  2v  (MLC2v) 
(Ding  et  al.,  1998;  Xu  et  al.,  1999).  Accordingly,  by  using 
embryoid  bodies  (EBs)  derived  from  Cripto  7  ES  cells,  it 
has  been  shown  that  cripto  is  essential  for  cardiomyocyte  in¬ 
duction  and  differentiation  (Xu  et  al.,  1998).  However,  how 
cripto  functions  to  regulate  cardiogenesis  is  still  unknown. 
To  study  this  process,  we  took  advantage  of  embryonic  stem 
(ES)  cells,  which  have  been  widely  used  as  a  model  system  of 
cardiogenesis,  proven  to  be  a  powerful  tool  to  study  early 
events  of  cardiac  induction  (Doetschman  et  al.,  1993; 
Monzen  et  al.,  2001,  2002;  Boheler  et  al.,  2002).  To  create  a 
system  in  which  we  could  manipulate  Cripto  activity,  we  de¬ 
veloped  an  assay  in  which  recombinant  Cripto  protein  re¬ 
stored  cardiomyocyte  differentiation  in  Cripto  ES  cells. 
This  approach  allowed  us  to  define  the  dynamics  of  Cripto 
signaling  required  for  differentiation  of  cardiac  precursor 
cells.  We  showed  that  Cripto  is  required  in  a  precise  mo¬ 
ment  during  differentiation,  after  which  it  fails  to  specify  the 
cardiac  lineage.  Moreover,  we  found  that  the  absence  of 
Cripto  signaling  in  this  early  acting  window  of  time  resulted 
in  a  direct  conversion  of  Cripto"  ~  EB-derived  cells  into  a 
neural  fate.  This  observation  suggests  that  Cripto  inhibits 
mammalian  neuralization  and  supports  the  hypothesis  that  a 
default  model  for  neural  specification  is  operating  in  ES 
cells.  Furthermore,  we  show  that  Cripto  protein  activates 
the  Smad2  pathway  during  cardiomyocyte  induction  and, 
moreover,  that  overexpression  of  an  activated  form  of  type  I 
receptor  ActRIB  restored  the  ability  of  Cripto"7"  ES  cells  to 
differentiate  into  cardiomyocytes.  Taken  together,  our  re¬ 
sults  indicate  that  Cripto  participates  in  heart  development, 
regulating  early  events  that  lead  to  cardiac  specification,  and 
highlight  a  novel  role  for  the  Nodal/ Crip to/Alk4  pathway  in 
cardiomyogenesis. 


Results 

Secreted  Cripto  retains  its  ability  to  rescue 
cardiomyocyte  differentiation 

Previous  data  on  cultured  ES  cells  lacking  cripto  have  re¬ 
vealed  an  essential  role  of  cripto  for  contractile  cardiomyo¬ 
cyte  formation.  Cripto"7"  ES  cells  selectively  lose  the  ability 
to  form  beating  cardiomyocytes,  a  process  that  can  be  res¬ 
cued  by  expression  of  Cripto  (Xu  et  al.,  1998).  As  Cripto  is  a 
GPI-anchored  membrane  protein,  we  first  determined  if  a 
secreted  form  of  Cripto  could  restore  cardiomyocyte  differ¬ 
entiation  in  Cripto"7”  ES  cells  (Fig.  1).  To  this  end,  we 
overexpressed  a  secreted  derivative  of  Cripto,  which  lacks  the 
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Figure  1 .  Schematic  representation  of  the  experimental  protocol 
used  for  ES  cell  differentiation  into  cardiomyocytes  (adapted  from 
Maltsev  et  al.,  1993). 
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hydrophobic  COOH  terminus  region  required  for  mem¬ 
brane  anchorage  (Minchiotti  et  al.,  2000),  in  Cripto  7  ES 
cells  and  compared  its  activity  to  that  of  wild-type  (wt) 
Cripto  (Fig.  2  A).  A  pooled  population  of  cells  selected  for 
resistance  to  puromycin  were  examined  for  the  number  of 
EBs  containing  beating  areas,  from  day  8  to  12  of  the  in 
vitro  differentiation  assay.  Spontaneous  rhythmic  contractile 
myocytes  were  observed  in  Cripto”7"  ES  cells  expressing  ei¬ 
ther  the  membrane-anchored  or  the  secreted  Cripto  protein 
(Fig.  2  B).  Moreover,  similar  results  were  obtained  by  ex¬ 
pressing  a  secreted  Cripto  protein  that  lacks  the  NH2  termi¬ 
nus  region  (EGF-CFC;  Fig.  2,  A  and  B),  thus  indicating 
that  not  only  membrane  anchorage  is  dispensable  for  activ¬ 
ity,  but  that  the  EGF-CFC  domain  alone  is  sufficient  for 
Cripto  activity  in  the  cardiogenic  induction.  Previous  data 
have  shown  that  a  refolded  synthetic  Cripto  peptide  con¬ 
taining  the  EGF-like  domain  had  mitogenic  and  branching 
activity  for  mammary  cell  lines  (Salomon  et  al.,  1999).  We 
thus  went  on  to  define  whether  the  Cripto  EGF-like  domain 
alone  was  able  to  induce  cardiogenesis  similar  to  the  EGF- 
CFC  peptide.  Two  cripto  cDNA  deletion  derivatives  encod¬ 
ing  either  the  EGF-like  domain  retaining  the  NH2  terminus 
region  (EGF  long)  or  just  the  EGF  domain  (EGF  short;  Fig. 
2  A)  were  generated.  No  beating  areas  were  observed  in  EBs 
derived  from  Cripto”7”  ES  cells  expressing  either  EGF  long 
or  EGF  short  peptide  (Fig.  2  B),  thus  indicating  that  both 
EGF  and  CFC  domains  of  Cripto  are  essential  for  cardio¬ 
genic  induction.  Western  blot  analysis  showed  that  the  EGF 
long  and  EGF  short  peptides  were  produced  and  secreted  as 
efficiently  as  EGF-CFC  (Fig.  2  C  and  not  depicted),  thus 
demonstrating  that  their  inability  to  rescue  the  mutant  phe- 
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Figure  2.  Functional  dissection  of  Cripto.  (A)  Schematic  representation  of  cripto  cDNA  derivatives.  S.P.,  signal  peptide.  (B)  Determination 
of  minimal  domains  required  for  Cripto  activity  in  cardiomyocyte  differentiation.  Either  wt  or  deleted  cripto  mutant  derivatives  were  transfected 
into  Cripto-'-  ES  cells;  empty  vector  was  used  as  control.  The  percentage  of  EBs  with  rhythmically  contracting  areas  detectable  by  light 
microscopy  was  scored  on  day  8  to  1 2.  Data  are  representative  of  at  least  two  independent  experiments.  (C)  Western  blot  analysis  of  conditioned 
media  from  293EBNA  cells  transfected  with  cripto  cDNA  deletion  derivatives.  Cells  were  cotransfected  with  Plgf  expression  vector  as  an 
internal  control  (see  Materials  and  methods).  Lane  1 ,  EGF-CFC;  lane  2,  EGF  long;  lane  3,  vector.  The  molecular  mass  of  protein  standards  is 
indicated  (kD).  (D)  Expression  of  cardiac-specific  genes  MLC2v  and  aMHC  during  in  vitro  differentiation  of  either  wt  or  Cripto  '  ES  cells. 
RT-PCR  was  performed  on  RNA  extracted  from  either  undifferentiated  ES  cells  or  EBs  throughout  a  differentiation  period  of  10  d  (days  2-10). 
HPRT  gene  expression  was  analyzed  as  an  internal  control.  (E)  RNA  expression  levels  of  MLC2v  and  cardiac  aMHC  genes  during  in  vitro 
differentiation  of  Cripto-'-  ES  cells  overexpressing  either  wt  or  cripto  deletion  mutants.  RNA  was  harvested  at  days  5,  7,  and  1 0  of  the 
differentiation  protocol  and  subjected  to  RT-PCR.  Empty  vector  was  used  as  a  negative  control.  HPRT  gene  expression  was  analyzed  as  an 
internal  control.  The  results  are  representative  of  two  independent  differentiation  programs. 


notype  was  not  due  to  a  difference  in  protein  expression 
level.  To  support  the  morphological  data  observed,  we  ex¬ 
amined  the  expression  levels  of  the  cardiac-specific  aMHC 
and  MLC2v,  two  major  contractile  proteins  of  cardiomyo- 
cytes.  As  expected,  expression  of  both  the  aMHC  and 
MLC2v  genes  was  induced  in  wt  ES  cells  but  not  in 
Cripto”/-  cells  from  day  7  of  in  vitro  differentiation  (Fig.  2 
D).  Importantly,  the  expression  pattern  of  aMHC  and 
MLC2v  genes  in  wt  ES  cells  was  reproduced  in  Cripto  1 
cells  expressing  either  wt  Cripto  or  the  secreted  derivative, 
but  not  in  cells  expressing  either  EGF  long  or  EGF  short 
peptides  (Fig.  2  E). 

Timing  and  duration  of  Cripto  activity  in 
cardiomyocyte  differentiation 

To  gain  further  insight  into  the  functional  role  of  Cripto  in 
cardiogenic  induction  and  differentiation,  we  first  examined 
the  timing  of  Cripto  expression  during  ES  cell  differentia¬ 


tion.  Western  blot  analysis  performed  with  anti-Cripto  anti¬ 
bodies  on  lysates  from  both  wt  and  Cripto~/-  ES  cells  re¬ 
vealed  that  Cripto  was  detectable  as  early  as  day  0  and 
peaked  in  expression  by  day  4  in  wt  EBs  (Fig.  3).  Impor¬ 
tantly,  the  transient  nature  of  Cripto  accumulation  sug¬ 
gested  that  its  activity  might  be  required  at  a  defined  step  in 
cardiomyocyte  differentiation.  The  time  window  of  Cripto 
action  could  not  be  adequately  investigated  by  means  of 
transfection  assays.  Therefore,  to  directly  address  this  issue,  a 
recombinant  soluble  Cripto  protein  was  used  in  which  the 
hydrophobic  COOH  terminus  was  replaced  by  a  6xHis 
epitope  (Cripto-His;  Minchiotti  et  al.,  2001).  Based  on  our 
observation  that  secreted  Cripto  protein  is  able  to  promote 
cardiogenesis  when  expressed  in  the  Cripto  1  ES  cells  (Fig. 
2  B),  experiments  were  performed  where  Cripto  signal¬ 
ing  was  reconstituted  by  addition  of  recombinant  secreted 
Cripto  protein  directly  to  the  cells  (Fig.  4).  Addition  of 
Cripto  during  the  0-2-d  interval  effectively  restored  the  dif- 
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Figure  3 .  Cripto  expression  profile  during  the  in  vitro  differentiation 
of  ES  cells.  Total  lysates  of  either  undifferentiated  ES  cells  or  EBs  at 
different  days  of  differentiation  (2-7  d),  derived  from  either  Rl  (wt)or 
DE7  (Cripto~/~)  ES  cells,  were  collected  in  lysis  buffer  and  analyzed  by 
Western  blot  using  a  polyclonal  anti-Cripto  antiserum  (Minchiotti 
et  al.,  2000).  Data  were  normalized  to  the  expression  level  of  Porin. 


Cripto  resulted  in  enhanced  differentiation  efficiency  (Fig.  4 
B),  thus  indicating  that  Cripto-mediated  cardiogenic  induc¬ 
tion  was  dose  dependent. 

Having  shown  that  the  timing  and  dose  of  Cripto  signal¬ 
ing  activation  were  crucial  to  promote  cardiomyocyte  induc¬ 
tion  and  differentiation,  we  thus  went  on  to  define  whether 
the  duration  of  Cripto  signaling  was  crucial  for  its  biological 
response.  2-d-old  EBs  from  DE7  or  DEI 4  Cripto  7  ES  cells 
were  treated  with  10  |xg/ml  of  recombinant  Cripto  for  vari¬ 
ous  lengths  of  time,  washed  to  remove  unbound  Cripto,  and 
then  cultured  for  the  remaining  days.  An  effective  Cripto  re¬ 
sponse  required  a  minimum  induction  of  24  h,  while  shorter 
inductions  showed  markedly  reduced  activity  (Fig.  4  C). 
Taken  together,  our  data  demonstrated  that  the  amount, 
timing,  and  duration  of  Cripto  signaling  were  all  crucial  fac¬ 
tors  to  achieve  cardiogenic  induction  and  differentiation. 


ferentiation  ability  of  Cripto”7-  ES  ceils.  Addition  at  later 
time  points  resulted  in  dramatically  reduced  cardiomyocyte 
differentiation  (Fig.  4  A).  Comparable  results  were  obtained 
with  two  independent  Cripto”7”  ES  clones  (DE7  and 
DEM;  Xu  et  al.,  1998),  thus  excluding  any  phenotype  dif¬ 
ference  due  to  clonal  variation  (Fig.  4  A).  AJ1  together,  these 
data  indicated  that  stimulation  in  trans  with  soluble  Cripto 
protein  was  fully  efficient  in  promoting  cardiomyocyte  in¬ 
duction  and  differentiation  and,  more  interestingly,  defined 
exactly  when  Cripto  activity  was  required  to  promote  speci¬ 
fication  of  the  cardiac  lineage.  Furthermore,  to  define  the 
optimal  concentration  of  Cripto  required  to  promote  car- 
diogenesis,  increasing  amounts  of  purified  recombinant 
Cripto  protein  were  added  directly  to  the  culture  medium  of 
2-d-old  Cripto-7”  EBs  from  either  DE7  or  DEI 4  cell  lines 
for  24  h  (Fig.  4  B).  Increasing  amounts  of  recombinant 


Direct  conversion  of  Cripto”7”  EB-derived  cells  into 
a  neural  fate 

Our  observation  that  initiation  of  Cripto  signaling  in  an 
early  acting  window  of  time  is  crucial  for  priming  differ¬ 
entiation  of  ES  cells  to  cardiac  fate  prompted  us  to  gain 
further  insight  into  the  functional  role  of  Cripto  at  an 
early  phase  of  ES  cell  differentiation.  Interestingly,  when 
Cripto”7”  EBs  were  plated  onto  an  adhesive  substrate,  a 
population  of  cells  with  a  neuron-like  morphology  was  ob¬ 
served  that  produced  a  network  surrounding  the  aggre¬ 
gates.  This  characteristic  morphology  was  never  observed 
either  in  wt  EBs  or  in  Cripto-7-  EBs  treated  with  effective 
doses  of  Cripto  protein.  To  confirm  that  those  cells  were 
indeed  neurons,  immunofluorescence  analysis  was  per¬ 
formed  on  both  wt  and  Cripto-7-  EBs,  by  using  antibodies 
that  recognize  the  neuron-specific  form  of  class  pill  tubu- 


Figure  4.  Dynamics  of  Cripto  signaling  in  cardiomyocyte  differentiation.  (A)  Definition 
of  the  temporal  activity  of  Cripto.  Percentage  of  Cripto_/~  EBs  containing  beating  areas 
after  addition  of  recombinant  Cripto  protein.  10  pg/ml  of  soluble  Cripto  protein  was 
added  to  EBs  at  24-h  intervals  starting  from  time  0  of  the  in  vitro  differentiation  assay 
(scheme  in  Fig.  1 ).  The  number  of  EBs  containing  beating  areas  was  scored  from  day  8 
to  12  of  in  vitro  differentiation.  (B)  Dose-dependent  activity  of  Cripto  protein.  2-d-old 
Cripto -/“  EBs  were  treated  with  increasing  amounts  of  recombinant  soluble  Cripto  protein 
for  24  h  and  then  cultured  for  the  remaining  days.  Appearance  of  beating  areas  was 
scored  from  day  8  to  12  of  the  in  vitro  differentiation.  (C)  Duration  of  Cripto  signaling. 
2-d-old  Cripto_/~  EBs  were  treated  with  1 0  pg/ml  of  recombinant  soluble  Cripto  protein 
for  different  lengths  of  time,  1,12,  24,  and  72  h.  EBs  were  then  washed  to  remove  the 
protein  and  cultured  for  the  remaining  days.  Cells  were  examined  for  cardiac  differentiation 
as  described  above.  In  all  cases,  two  independent  Cripto_/“  ES  clones  (DE7  and  DEI 4) 
were  used.  Data  are  representative  of  at  least  two  independent  experiments. 
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Figure  5.  Cripto  promotes  cardiomyocyte  differentiation  and  inhibits  neural  differentiation  of  ES  cells  according  to  the  timing  of  exposure. 

(A)  Cardiomyocyte  versus  neuronal  differentiation  of  Cripto'7-  EBs  as  revealed  by  indirect  immunofluorescence.  2-d-oId  Cripto-7-  EBs,  derived 
from  DE7  cell  line,  were  either  left  untreated  (a  and  c)  or  treated  for  24  h  with  1 0  pLg/ml  of  recombinant  Cripto  protein  (b  and  d).  On  day  1 2 
of  in  vitro  differentiation,  expression  of  either  sarcomeric  myosin  or  (Sill-tubulin  was  revealed  by  immunofluorescence  using  anti-MF-20  (red, 
a  and  b)  or  pill-tubulin  (green,  c  and  d)  antibodies,  respectively.  Data  are  representative  of  at  least  two  independent  experiments.  Comparable 
results  were  obtained  with  Cripto-7-  DE 14  ES  cell  line.  (B)  Cardiomyocyte  versus  neuronal  differentiation  of  Cripto-7-  EB-derived  cells  depends 
on  the  timing  of  exposure  to  Cripto.  Percentage  of  Cripto-7-  EBs  stained  for  0111-tubulin  (red  plot)  or  MF-20  (blue  plot)  after  addition  of 
recombinant  Cripto  protein  at  different  time  points.  10  pg/ml  of  recombinant  Cripto  protein  was  added  to  EBs  at  24-h  intervals  starting  from 
time  0  of  the  in  vitro  differentiation  assay.  On  day  12  of  in  vitro  differentiation,  EBs  were  stained  for  either  0111-tubulin  or  MF-20  antibodies. 
Data  are  representative  of  two  independent  experiments. 


lin.  These  antibodies  stained  clusters  of  cells  in  Cripto 
EBs,  revealing  the  presence  of  a  dense  network  of  neurons 
(Fig.  5  A).  Neurons  were  detected  in  71%  of  Cripto 
EBs,  whereas  plll-tubulin-positive  cells  were  never  de¬ 
tected  in  both  wt  EBs  and  rescued  Cripto  EBs  that,  on 
the  contrary,  showed  extensive  areas  of  MF-20-positive 
cardiomyocytes  (Fig.  5  A).  To  gain  insight  into  this  issue, 
we  used  our  controlled  differentiation  assay  to  modulate 
Cripto  signaling  and  to  eventually  score  EB-derived  cells 
for  either  cardiomyocyte  or  neuron  differentiation,  by  us¬ 
ing  morphological  criteria  as  well  as  immunofluorescence 
analysis.  Addition  of  Cripto  protein  during  the  0-2-d 
interval  rescued,  as  expected,  the  cardiac  phenotype  of 
Cripto“/_  ES  cells  (Fig.  5  B),  but  also  resulted  in  a  dra¬ 
matic  inhibition  of  neural  differentiation  (Fig.  5  B).  Con¬ 
versely,  addition  of  recombinant  Cripto  at  later  time 
points  (i.e.,  3-6-d  interval)  resulted  in  progressive  impair¬ 
ment  of  cardiac  differentiation  (see  previous  paragraph  and 
Fig.  5  B)  and,  at  the  same  time,  increased  competence  of 
the  EB-derived  cells  to  acquire  a  neural  phenotype,  result¬ 
ing  in  close  to  70%  of  Cripto_/_  EBs  that  show  extensive 
areas  of  plll-tubulin-positive  cells.  All  together  our  results 
support  the  hypothesis  that  Cripto  signaling  represses  neu¬ 
ral  differentiation  in  ES  cells  and,  moreover,  show  that  the 
restricted  time  window  of  Cripto  signaling  required  to 
achieve  proper  terminal  cardiac  differentiation  of  Cripto  “/_ 
ES  cells  correlates  with  the  competence  window  for  those 
cells  to  become  committed  to  a  neuronal  phenotype. 


Cripto  activates  a  Smad2  pathway  associated  with 
cardiomyocyte  differentiation 

Findings  in  mice,  Xenopus ,  and  zebrafish  point  to  a  strong 
functional  link  between  the  EGF-CFC  proteins  and  TGFp 
ligand  Nodal  (Shen  and  Schier,  2000;  Adamson  et  al., 
2002).  Accordingly,  recent  studies  have  shown  that  Cripto 
can  associate  with  type  I  receptor  ActRIB  (Alk4)  and  can 
form  a  complex  together  with  Nodal  and  type  II  receptor 
ActRIIB  (Reissmann  et  al.,  2001;  Yeo  and  Whitman,  2001; 
Bianco  et  al.,  2002;  Yan  et  al.,  2002).  Activation  of  Smad 
proteins  by  phosphorylation  is  a  universal  signal  transduc¬ 
tion  event  following  activation  of  Aik  receptors.  To  ask 
whether  Cripto  activates  the  Smad2  pathway  during  cardio¬ 
myocyte  induction  and  differentiation,  2-d-old  Cripto 
EBs  were  starved  in  low  serum  for  3  h  and  then  stimulated 
with  recombinant  soluble  Cripto  protein  for  30,  60,  or  120 
min.  Western  blot  analysis  revealed  that  phosphorylation  of 
Smad2  significantly  increased  after  treatment  with  recombi¬ 
nant  Cripto  (Fig.  6).  Smad2  phosphorylation  was  detectable 
already  after  30-min  treatment,  persisting  at  comparable  lev¬ 
els  even  after  prolonged  exposure  to  Cripto  protein.  An  anti- 
Smad2/3  antibody  applied  to  the  same  blot  was  used  to  nor¬ 
malize  for  total  amount  of  protein  (Fig.  6).  In  vitro  studies 
on  mammary  cell  lines  have  suggested  that  Cripto  is  in¬ 
volved  in  the  Ras/Raf/MEK/MAPK  pathway  (Salomon  et 
al.,  1999).  When  we  looked  for  activation  of  the  MAP  ki¬ 
nase  ERK  by  using  an  anti-phospho-ERK  antibody,  recom¬ 
binant  Cripto  was  unable  to  activate  MAP  kinase  (unpub- 
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Figure  6.  Activation  of  Smad2  in  Cripto"'"  cel!  aggregates  treated 
with  recombinant  Cripto  protein.  2-d-old  Cripto'7-  EBs  were  serum 
starved  for  3  h  and  then  treated  with  10  jxg/ml  of  recombinant  Cripto 
protein  for  30',  60',  or  120'  or  left  untreated,  as  indicated.  5mad2 
activation  was  detected  by  Western  blot  analysis  using  anti-phospho- 
Smad2  antibody.  Levels  of  total  Smad2  were  also  compared. 


lished  data);  thus  indicating  that  the  Smad2  pathway  was 
selectively  activated  during  cardiomyocyte  induction  and 
differentiation  induced  by  Cripto. 

To  our  knowledge,  no  data  are  available  on  the  expression 
profile  of  all  components  of  the  Alk4/ActRIIB/Nodal  com¬ 
plex  during  the  differentiation  of  ES  cells;  thus,  we  first  mea¬ 
sured  by  RT-PCR  the  expression  of  Nodal,  Alk4,  and  Ac- 
tRIIB  in  EBs  derived  from  both  wt  and  Cripto"7"  ES  cells. 
Nodal,  Alk4,  and  ActRIIB  were  expressed  in  all  analyzed 
stages  (Fig.  7  A).  If  Cripto  signaling  in  cardiomyocyte  differ¬ 
entiation  acts  via  the  Alk4  receptor,  overexpression  of  a 
constitutively  active  type  I  receptor  would  be  expected  to 
compensate  for  the  lack  of  Cripto  signaling  in  promoting  car¬ 
diomyocyte  differentiation.  We  overexpressed  in  Cripto"7" 
ES  cells  the  wt  or  constitutively  activated  form  (ca)  of  either 
human  HA-tagged  Alk4  or  its  zebrafish  counterpart  Taram-A 
(Renucci  et  al,  1996).  Type  I  receptor  serine/threonine  ki¬ 
nases  can  be  activated  in  a  ligand-  and  type  II  receptor-inde¬ 
pendent  manner  by  replacing  an  acidic  residue  for  a  specific 
threonine  within  the  juxtamembrane  region  of  the  intracellu¬ 
lar  domain,  a  segment  known  to  be  involved  in  kinase  regula¬ 
tion  (Wieser  et  al.,  1995).  Overexpression  of  either  Alk4  ca  or 


Table  I.  Percentage  of  beating  EBs  from  Cripto-7-  ES  cells 
transfected  with  either  wt  or  ca  form  of  human  Alk4  or 
zebrafish  Taram-A  receptors 


Cells 

Construct 

EBs  scored 

%  of  beating  EBs 

DE7 

None 

70 

0 

DE7 

Cripto  wt 

50 

96.6 

DE7 

Alk4  wt 

76 

0 

DE7 

Alk4  ca 

50 

16.0 

DE7 

Taram-A  wt 

55 

0 

DE7 

Taram-A  ca 

64 

45.0 

DE7 

Empty  vector 

56 

0 

DEI  4 

None 

80 

0 

DEM 

Cripto  wt 

54 

94.4 

DEM 

Taram-A  wt 

50 

1.9 

DEM 

Taram-A  ca 

51 

62.2 

DEM 

Empty  vector 

60 

0 

Data  are  representative  of  at  least  two  independent  experiments.  DE7  and 
DEI  4  are  two  independent  CriptcT/_  clones. 
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Figure  7,  Expression  profile  of  Nodal,  Alk4,  and  ActRIIB  during 
cardiomyocyte  differentiation  and  their  effects  on  cardiac  induction. 

(A)  RNA  expression  levels  of  Nodal,  Alk4,  and  ActRIIB  genes  during 
in  vitro  differentiation  of  ES  cells.  RT-PCR  analysis  was  performed 
on  RNA  extracted  from  either  undifferentiated  ES  or  EBs  (either  wt 
or  Cripto"7")  throughout  a  differentiation  period  of  1 0  d  (days  2-1 0). 
HPRT  gene  was  used  as  an  internal  control.  (B)  Western  blot  analysis 
of  total  lysates  from  293EBNA  cells  transfected  with  either  wt  or  ca 
form  of  HA-tagged  human  Alk4.  Cells  were  cotransfected  with  Jun-HA 
expression  vector  as  an  internal  control.  A  monoclonal  anti-HA 
antibody  was  used  to  detect  protein  levels.  (C)  RNA  expression 
profile  of  the  aMHC  gene  during  differentiation  of  Cripto-7"  ES  cells 
(days  5,  7,  and  1 0)  overexpressing  wt  and  activated  forms  of  either 
Alk4  or  Taram-A.  HPRT  gene  was  used  as  an  internal  control. 


Taram-A  ca  partially  restored  the  ability  of  Cripto"7  ES  cells 
to  differentiate  into  cardiomyocytes  (Table  I).  On  the  con¬ 
trary,  overexpression  of  the  wt  receptors,  either  Taram-A  or 
Alk4,  had  no  significant  activity  despite  their  similar  expres¬ 
sion  levels  (Fig.  7  B).  Furthermore,  addition  of  recombinant 
Cripto  to  Alk4  ca-expressing  cells  restores  cardiomyocyte  dif¬ 
ferentiation  close  to  controls  (Table  II).  In  accordance  with 
the  morphological  data,  expression  of  the  aMHC  gene  was 
only  detected  in  Cripto"7"  ES  cells  expressing  the  activated 
form  of  the  receptors  (Fig.  7  C).  Altogether,  our  results  pro- 
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Table  II.  Percentage  of  beating  EBs  from  transfected  Cripto  h 
ES  cells 


Construct 

Protein 

EBs  scored 

%  of  beating  EBs 

Alk4  ca 

None 

50 

16.0 

Alk4  ca 

Cripto8 

87 

87.3 

Empty  vector 

None 

49 

0 

Empty  vector 

Cripto3 

60 

96.6 

a2-d-old  EBs  were  treated  with  10  p.g/ml  of  recombinant  Cripto  for  3  d. 


vide  an  intriguing  link  between  Alk4/Smad  pathway  activa¬ 
tion  by  Cripto  and  cardiomyocyte  development. 


Analysis  of  Cripto  mutants  identifies  key  residues  both 
in  the  EGF  and  in  the  CFC  domain 

We  showed  above  that  the  EGF-CFC  domain  is  sufficient 
to  promote  cardiogenic  induction  when  overexpressed  in 
Cripto ES  cells,  whereas  the  EGF  domain  alone  is  un¬ 
able  to  rescue  the  biological  activity.  To  determine  the  con¬ 
tribution  of  the  EGF  and  CFC  domains,  single  amino  acid 
substitutions  were  introduced  into  the  cripto  cDNA  (Fig.  8 
A),  and  the  activity  of  the  corresponding  mutant  proteins 
was  compared  with  the  wt  in  the  cardiomyocyte  assay.  Al¬ 
though  each  mutant  was  expressed  at  levels  comparable  to 
wt  Cripto  (Fig.  8  B),  three  of  them  were  completely  inactive 
or  showed  a  strongly  reduced  activity  in  our  assay  (Table 
III).  Similar  results  were  obtained  with  two  independent 
Cripto”'-  ES  clones  (Table  III).  To  support  the  observed 
morphological  data,  the  expression  of  the  aMHC  and  the 
MLC2v  genes  was  examined  by  RT-PCR  on  total  RNA  pre¬ 
pared  from  EBs  derived  from  Cripto  '  ES  cells  overex¬ 
pressing  Cripto  mutant  derivatives  (Fig.  8  C).  Expression  of 


Table  III.  Percentage  of  beating  EBs  from  Cripto”7"  ES  cells 
transfected  with  either  wt  or  Cripto  mutant  derivatives 


Cells 

Construct 

EBs  scored 

%  of  beating  EBs 

DE7 

None 

97 

0 

DE7 

Cripto  wt 

56 

98.2 

DE7 

N63I 

54 

91.5 

DE7 

G71N 

54 

0 

DE7 

T72A 

62 

90.3 

DE7 

S77A 

60 

95.0 

DE7 

F78A 

47 

42.5 

DE7 

F78W 

60 

95.0 

DE7 

HI  04  A 

56 

89.3 

DE7 

W107G 

57 

7.6 

DE7 

R116C 

49 

80.0 

DE7 

L122N 

103 

92.0 

DE7 

Empty  vector 

65 

0 

DEM 

None 

85 

0 

DEM 

Cripto  wt 

54 

94.4 

DEM 

G71N 

49 

0 

DEM 

F78A 

45 

66.0 

DEM 

W107C 

57 

30.5 

DEM 

Empty  vector 

71 

0 

Data  are  representative  of  at  least  two  independent  experiments.  DE7  and 
DEM  are  two  independent  Cripto-7"  clones. 


aMHC  and  MLC2v  genes  was  either  absent  or  reduced  in 
cells  overexpressing  G7 IN,  F78A,  or  W107G  cripto  mu¬ 
tants,  whereas  it  was  restored  in  Cripto”'”  cells  transfected 
with  wt  cripto .  Together  these  data  show  that  critical  amino 
acid  residues  are  located  in  both  EGF  and  CFC  domains, 
thus  indicating  the  requirement  of  both  domains  for  Cripto 
activity  in  cardiogenic  induction. 


Figure  8.  Identification  of  Cripto  key  residues  required  for  cardiac  induction  and  differentiation.  (A)  Schematic  representation  of  wt  and 
mutant  Cripto  derivatives.  (B)  Western  blot  analysis  of  total  lysates  from  293EBNA  cells  transfected  with  either  wt  or  mutant  cripto  derivatives. 
Jun-HA  expression  vector  was  cotransfected  as  an  internal  control.  Either  polyclonal  anti-Cripto  or  monoclonal  anti-HA  antibodies  were  used 
to  detect  protein  levels.  (C)  RNA  expression  levels  of  the  cardiac  aMHC  and  MLC2v  genes  during  in  vitro  differentiation  of  Cripto  ES  cells 
(days  5,  7,  and  10)  overexpressing  either  wt  or  mutant  cripto  derivatives.  Expression  level  of  HPRT  gene  was  analyzed  as  an  internal  control. 
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Figure  9.  Modulation  of  Cripto  activity  by  O-fucosylation.  Dose- 
dependent  activity  of  T72A  mutant  Cripto  compared  with  wt  Cripto 
as  assayed  in  cardiomyocyte  differentiation  assay.  2-d-old  Cripto-/_ 
EBs  were  treated  with  increasing  amounts  of  either  recombinant 
soluble  T72A  mutant  or  wt  Cripto  protein  for  24  h  and  then  cultured 
for  the  remaining  days.  Appearance  of  beating  areas  was  scored  from 
day  8  to  12  of  the  in  vitro  differentiation.  Data  are  representative  of 
two  independent  experiments. 

Recent  reports  have  shown  that  Cripto  is  modified  by 
the  addition  of  sugar  residues.  N-linked  glycosylation  was 
shown  to  affect  Cripto  biological  activity  in  the  zebrafish  as¬ 
say  (Minchiotti  et  al.,  2001).  More  recently,  an  O-linked  fu- 
cosylation  of  Cripto  has  been  reported  to  be  required  for 
Cripto  signaling  activity  in  cotransfection  assay  in  mamma¬ 
lian  cells  (Schiffer  et  al.,  2001;  Yan  et  al.,  2002).  To  assess  if 
posttranslational  modifications  were  required  for  Cripto  ac¬ 
tivity  in  cardiogenic  induction,  two  alanine  substitutions 
were  generated,  corresponding  to  either  the  N-glycosylation 
site  (N63I)  or  the  O-linked  fucosylation  site  (T72A).  The 
activities  of  the  corresponding  mutant  proteins  were  tested 
in  the  differentiation  assay  and  compared  with  wt  Cripto. 
Based  on  the  percentage  of  EBs  containing  beating  areas, 
both  mutant  proteins  had  comparable  ability  in  promoting 
cardiomyocyte  differentiation,  compared  with  wt  Cripto 
(Table  III),  thus  suggesting  that  addition  of  sugar  residues 
was  not  strictly  required  for  Cripto  activity  in  ES  cells. 

However,  a  role  of  these  modifications  in  the  modulation 
of  Cripto  signaling  might  be  masked  in  our  assay  due  to 
overexpression  of  the  proteins.  To  overcome  this  limitation, 
we  purified  a  recombinant  Cripto  T72A  mutant  protein 
from  conditioned  medium  of  transfected  293  cells,  and  its 
activity  was  compared  with  the  wt  Cripto.  When  used  in  the 
cardiomyocyte  differentiation  assay,  the  Cripto  T72A  mu¬ 
tant  protein  resulted  in  close  to  a  30%  reduction  in  the 
numbers  of  Cripto_/“  EBs  displaying  beating  cardiomyo- 
cytes,  compared  with  the  wt  Cripto  (Fig.  9).  A  similar  reduc¬ 
tion  was  observed  when  using  Cripto  T72A  in  the  Smad2 
phosphorylation  assay,  indicating  that  doses  higher  than 
those  used  for  wt  Cripto  were  required  to  achieve  equivalent 
induction  (unpublished  data). 

Nodal  antagonists  inhibit  Cripto  activity 
in  cardiomyogenesis 

To  gain  direct  evidence  that  Nodal  signaling  is  indeed  re¬ 
quired  to  support  Cripto-regulated  cardiac  induction  and 
differentiation  in  ES  cells,  we  sought  to  determine  whether 


A 


Cripto  1  ng/ml  5  pg/ml  10  pg/ml 


B 


Cerberus  25%  50%  75%  100% 


Figure  1 0.  Exposure  to  Cerberus  inhibits  Cripto  activity  in  cardio- 
myocyte  differentiation  assay.  (A)  Cerberus  inhibits  Cripto-dependent 
cardiomyocyte  differentiation  of  Cripto  _/~  EBs.  2-d-old  Cripto'/_  EBs 
were  cultured  for  24  h  in  the  presence  of  100%  (vol/vol)  of  media 
supernatant  from  293T  cells  transiently  expressing  either  Cerberus, 
Cerberus-S,  or  empty  vector  as  control,  in  the  presence  of  increasing 
amounts  of  recombinant  Cripto  protein.  The  number  of  Criptow~ 

EBs  containing  beating  areas  was  scored  from  day  8  to  1 2  of  in  vitro 
differentiation.  Data  are  representative  of  two  independent  experi¬ 
ments.  (B)  Inhibition  of  Cripto  by  Cerberus-S  is  dose  dependent. 
2-d-old  Cripto-'"  EBs  were  cultured  for  24  h  with  1 0  jig/ml  of  soluble 
Cripto  protein  in  the  presence  of  increasing  amounts  (vol/vol)  of 
media  from  293T  cells  transiently  expressing  Cerberus-S.  Cells  were 
examined  for  cardiac  differentiation  as  described  above.  Data  are 
representative  of  two  independent  experiments. 

inhibition  of  Nodal  signaling  might  interfere  with  Cripto 
ability  to  promote  cardiomyogenesis.  To  directly  address 
this  point,  2-d-old  Cripto ~/-  EBs  were  treated  with  in¬ 
creasing  amounts  of  recombinant  Cripto  (1-10  jxg/ml)  in 
a  media  containing  the  supernatant  collected  from  a  tran¬ 
siently  transfected  293T  cell  line  producing  Cerberus  pro¬ 
tein.  This  multifunctional  antagonist  inhibits  Nodal  as 
well  as  BMP  and  Wnt  signaling.  However,  a  truncated 
form  of  Cerberus,  named  Cerberus-Short  (Cerberus-S),  is  a 
specific  Nodal  antagonist  (Piccolo  et  al.,  1999).  The  pres¬ 
ence  of  either  Cerberus  or  Cerberus-S  supernatant  resulted 
in  a  significant  inhibition  of  Cripto  ability  to  prime  cardio¬ 
myocyte  differentiation  compared  with  control  superna¬ 
tant  (Fig.  10  A).  Furthermore,  we  treated  Cripto EBs 
with  10  fJig/ml  of  recombinant  Cripto  in  the  presence  of 
increasing  amounts  of  Cerberus-S-containing  medium, 
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Table  IV.  Percentage  of  beating  EBs  from  Cripto  ES  cells 
transfected  with  Nodal  antagonists 


Construct 

Protein 

EBs  scored 

%  of  beating  EBs 

Empty  vector 

None 

40 

0 

Empty  vector 

Cripto3 

58 

85 

Cerberus 

None 

34 

0 

Cerberus 

Cripto3 

49 

10.3 

Cerberus-S 

None 

36 

0 

Cerberus-S 

Cripto3 

40 

8.3 

a2-d-old  EBs  were  treated  with  10  p-g/ml  of  recombinant  Cripto  for  3  d. 


thus  being  able  to  show  that  inhibition  of  Cripto  activity 
by  Cerberus-S  was  indeed  dose  dependent  (Fig.  10  B).  Fi¬ 
nally,  as  an  additional  control,  we  used  Cripto “/_  ES  cells 
transfected  with  either  Cerberus  or  Cerberus-S  expression 
vectors,  before  treatment  of  the  derived  EBs  with  recombi¬ 
nant  Cripto.  In  accord  with  the  results  obtained  with  con¬ 
ditioned  media,  expression  of  either  Cerberus  or  Cerberus-S 
resulted  in  a  significant  inhibition  of  Cripto  activity  (Table 
IV).  Together,  these  results  show  that  Cerberus  and  Cer¬ 
berus-S  can  act  as  effective  antagonists  of  Cripto  signaling 
in  ES  cell  differentiation  and  provide  evidence  for  a  func¬ 
tional  role  of  the  Nodal  pathway  in  Cripto-mediated  speci¬ 
fication  of  the  cardiac  lineage. 

Discussion 

Role  of  secreted  Cripto  as  a  priming  factor 
for  cardiomyogenesis 

Cripto  is  a  GPI-anchored  protein;  however,  recent  data  in 
zebrafish  have  shown  that  Cripto  protein  could  be  pro¬ 
vided  in  a  soluble  form  to  enable  proper  Nodal  signal 
propagation  (Minchiotti  et  al.,  2001).  Moreover,  previous 
data  on  chimeric  mouse  embryos  established  from  a  com¬ 
bination  of  wt  and  Cripto"'"  ES  cells  suggested  that 
Cripto  acts  nonautonomously  during  development  (Xu  et 
al.,  1998).  Due  to  the  absence  of  analysis  of  cellular  genetic 
markers,  and  because  only  late-stage  chimeric  embryos 
were  analyzed,  the  cell  autonomous  or  nonautonomous  ac¬ 
tivity  of  Cripto  is  an  issue  that  still  remains  unsolved 
(Rosa,  2002).  Expression  of  different  deletion  mutant 
derivatives  of  cripto  cDNAs  in  Cripto  '  ES  cells  led  us 
to  demonstrate  that  secreted  Cripto  could  efficiently  in¬ 
duce  cardiogenesis  and,  moreover,  that  expression  of  the 
EGF-CFC  domain  was  sufficient  to  restore  the  ability  of 
Cripto"'"  ES  cells  to  differentiate  into  cardiomyocytes. 
Furthermore,  we  showed  that  the  Cripto  EGF  domain  is 
required,  but  not  sufficient,  for  cardiomyogenesis.  In  con¬ 
trast,  it  was  previously  demonstrated  that  a  refolded  syn¬ 
thetic  human  Cripto  peptide  comprising  only  the  EGF- 
like  domain  displayed  high  affinity  binding  and  mitogenic 
activity  on  mammary  cell  lines  (Salomon  et  al.,  1999). 
Considering  the  high  percentage  of  amino  acid  identity 
in  the  EGF  domain  between  human  and  mouse  Cripto 
(Dono  et  al.,  1993),  this  observation  strengthened  the  hy¬ 
pothesis  that  there  may  be  divergent  Cripto  signaling  path¬ 
ways,  depending  both  on  different  Cripto  domains  and  on 
specific  cell  types,  that  remain  to  be  explored  in  the  future. 


Dose  and  temporal  regulation  of  Cripto  signaling  in  the 
commitment  of  ES  cells  to  cardiac  fate 

EB  differentiation  is  currently  considered  a  powerful  model 
system,  reproducing  many  aspects  of  in  vivo  tissue  forma¬ 
tion  during  the  crucial,  but  less  accessible,  stages  of  mamma¬ 
lian  embryogenesis,  thus  providing  access  to  early  cell  popu¬ 
lations  that  develop  in  a  normal  fashion  (Keller,  1993).  The 
timing  of  initiation  of  Cripto  signaling  and  the  strength  and 
duration  of  the  signal  are  interdependent  variables  that  have 
not  yet  been  resolved  experimentally,  mainly  due  to  the 
complexity  of  in  vivo  analysis.  Western  blot  analysis  per¬ 
formed  on  total  lysates,  prepared  at  different  times  of  ES  cell 
in  vitro  differentiation,  showed  a  regulated  accumulation  of 
Cripto  protein  whose  expression  was  restricted  to  the  very 
beginning  of  the  differentiation  program. 

We  then  used  soluble  Cripto  protein  on  Cripto"'"  ES 
cells  to  modulate  Cripto  signaling  and  measured  its  effect 
on  cardiomyocyte  differentiation.  Kinetic  experiments  per¬ 
formed  by  adding  recombinant  Cripto  protein  directly  to 
the  culture  medium  of  Cripto"'"  ES  cells  demonstrated  that 
stimulation  in  trans  with  a  soluble  Cripto  peptide  was  capa¬ 
ble  of  promoting  cardiac  induction  and,  strikingly,  revealed 
an  early  acting  window  of  time  in  which  the  initiation  of 
Cripto  signaling  is  crucial  for  priming  differentiation  of  ES 
cells  to  cardiac  fate.  Having  defined  the  timing  of  Cripto  sig¬ 
naling,  we  next  examined  two  more  variables,  dose  and  du¬ 
ration  of  signaling.  Either  different  amounts  of  Cripto  pro¬ 
tein  for  a  defined  length  of  time  or  a  high  dose  of  Cripto 
peptide  for  various  lengths  of  time  was  used  on  Cripto  ' 
EBs.  Both  protein  dose  and  signaling  duration  were  crucial 
parameters.  Worth  noticing,  our  results  show  that  transient 
presence  of  Cripto  is  inadequate  and  that  sustained  Cripto 
signaling  is  strictly  required  to  promote  cardiogenesis.  We 
thus  propose  that  Cripto  activity  at  a  given  time,  strength  of 
the  signal,  and  length  of  the  time  of  exposure  are  critical  pa¬ 
rameters  for  the  correct  specification  and  differentiation  of 
the  cardiac  lineage. 

Neural  cell  fate  is  established  from  Cripto"'"  EB-derived 
cells  in  the  absence  of  retinoic  acid 

Several  studies  demonstrated  that  neural  differentiation  from 
ES  cells  relies  upon  an  aggregation  step  followed  by  exposure 
to  specific  inducing  factors,  such  as  retinoic  acid  (Bain  et  al., 
1995,  1996;  Okabe  et  al.,  1996).  Our  present  findings  indi¬ 
cate  that  in  the  absence  of  retinoic  acid,  Cripto  EB- 
derived  cells  spontaneously  differentiate  into  neurons.  Fur¬ 
thermore,  we  show  that  the  timing  of  Cripto  signaling 
required  for  priming  differentiation  of  cardiac  cells  resembles 
the  competence  window  of  EB-derived  cells  to  acquire  a  neu¬ 
ral  character.  All  together,  our  results  indicate  that  Cripto  sig¬ 
naling  is  stricdy  required  in  an  early  acting  window  to  nega¬ 
tively  regulate  neural  differentiation  and,  at  the  same  time,  to 
permit  differentiation  of  ES  ceils  to  cardiac  fate. 

Recent  studies  have  investigated  the  mechanisms  underly¬ 
ing  neural  specification  in  uncommitted  ES  cells  (Tropepe 
et  al.,  2001).  However,  the  role  of  the  pathways  that  have 
been  implicated  in  neural  generation  in  the  context  of  stem 
cells  is  still  under  investigation  (Munoz-Sanjuan  and  Brivan- 
lou,  2002).  Although  a  better  understanding  of  the  molecu- 
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lar  events  that  mediate  the  acquisition  of  neural  fates  of  ES 
cells  in  the  absence  of  Cripto  signaling  is  required,  our  con¬ 
trolled  differentiation  paradigm  could  represent  an  attractive 
system  to  further  investigate  this  issue. 

Cripto  signaling  pathway  in  cardiomyogenesis 

Both  genetic  and  biochemical  data  indicate  a  role  for  Cripto 
and,  more  generally,  for  the  EGF-CFC  factors  in  Nodal  sig¬ 
naling  (Gritsman  et  al,  1999;  Reissmann  et  al„  2001; 
SchifFer  et  ah,  2001;  Yan  et  al.,  2002).  More  recently,  find¬ 
ings  in  Xenopus  and  zebrafish  have  also  shown  that  the 
TGF(B  Vgl/GDFl-like  signals  depend  on  EGF-CFC  pro¬ 
teins  (Cheng  et  al.,  2003). 

We  observed  a  significant  increase  in  Smad2  phosphory¬ 
lation  consequent  to  treatment  of  Cripto  1  ES  cells  with 
recombinant  Cripto  protein  for  different  lengths  of  time. 
This  suggests  that  Cripto  signaling  acts  through  the  Smad2 
pathway  to  promote  cardiac  induction  and  reveals  a  poten¬ 
tial  role  of  Nodal  signaling  in  cardiogenesis.  Acute  stimula¬ 
tion  by  Cripto,  although  competent  in  activating  Smad2,  is 
insufficient  to  achieve  proper  terminal  cardiac  differentia¬ 
tion,  again  highlighting  the  importance  of  signal  duration 
for  cardiomyogenesis. 

Activation  of  AIk4/Tar-A  signaling  and  cardiac  induction 

One  critical  function  of  Cripto  during  development  is  to 
render  Activin  type  I  receptor  competent  for  activation  by 
Nodal  and  to  potentiate  Nodal-triggered  Alk7  signaling  ac¬ 
tivity  (Gritsman  et  al.,  1999;  Reissmann  et  al.,  2001;  Yeo 
and  Whitman,  2001;  Yan  et  al.,  2002).  Here  we  show  that 
activated  forms  of  either  Alk4  or  zebrafish  Taram-A  partially 
compensate  for  the  lack  of  Cripto  in  the  cardiomyocyte  dif¬ 
ferentiation  assay,  suggesting  that,  indeed,  this  receptor  fam¬ 
ily  is  involved  in  Cripto-mediated  cardiomyogenesis.  The 
incomplete  rescue  could  be  due  to  different  reasons.  As  over¬ 
expression  experiments  do  not  allow  the  modulation  of  re¬ 
ceptor  signaling  both  in  terms  of  timing  and  signal  strength, 
we  measured  the  effect  of  constitutive,  but  not  transient 
(acute),  activation  of  Alk4-mediated  signaling.  Cripto  may 
also  interact  either  with  other  Aik  or  TGF(3  receptor  family 
members  or  still  unknown  molecules  to  promote  cardio¬ 
myocyte  induction  and  differentiation  in  ES  cells. 

Mutational  dissection  of  Cripto 

The  mutational  dissection  of  Cripto  enabled  us  to  define 
that  both  the  EGF  and  the  CFC  domains  are  crucial  for 
Cripto  activity  in  cardiogenesis.  Remarkably,  the  biological 
activities  of  the  Cripto  mutants  in  cardiogenic  induction  cor¬ 
relate  well  with  their  effects  on  Alk4/Nodal  signaling.  First, 
the  two  amino  acids  located  in  the  EGF  domain  whose  mu¬ 
tation  significantly  reduces  or  completely  abolishes  Cripto 
activity,  namely  G71  and  F78,  also  appeared  to  be  strictly  re¬ 
quired  to  rescue  cell  competence  to  respond  to  Nodal  signal¬ 
ing  in  the  zebrafish  assay  (Minchiotti  et  al.,  2001).  Interest¬ 
ingly,  the  impaired  activity  of  mutant  Cripto  protein  was 
dependent  on  the  amino  acids  chosen  for  the  substitution.  In 
fact,  while  substitution  of  phenylalanine  to  alanine  (F78A) 
significantly  reduced  protein  activity,  a  tryptophan  in  the 
same  position  (F78W)  preserved  Cripto  ability  to  promote 
cardiogenesis.  Worth  noting,  F78  is  fully  exposed  in  the  3D 


model  of  Cripto  and  has  been  hypothesized  to  be  involved  in 
protein  binding  (Lohmeyer  et  ah,  1997;  Minchiotti  et  al., 
2001).  Second,  receptor  reconstitution  experiments  in  Xeno¬ 
pus  have  indicated  that  the  EGF  domain  of  Cripto  is  crucial 
for  Nodal  binding  to  the  Alk4/ActRIIB  receptor  complex 
(Yeo  and  Whitman,  2001),  while  the  CFC  domain  was  re¬ 
quired  for  Cripto  to  interact  with  the  Alk4  receptor.  Specifi¬ 
cally,  either  double  or  triple  mutations  in  the  CFC  domain, 
including  the  amino  acid  W107,  have  been  reported  to  im¬ 
pair  Aik4-dependent  Cripto  activity  (Yeo  and  Whitman, 
2001;  Yan  et  al.,  2002).  Here,  we  show  that  the  single  amino 
acid  substitution  of  residue  W107  in  the  CFC  domain  se¬ 
verely  impairs  the  ability  of  Cripto  to  promote  cardiac  induc¬ 
tion  in  Cripto-/_  ES  cells.  Finally,  several  reports  have  de¬ 
scribed  the  modification  of  Cripto  by  the  addition  of  sugar 
residues,  including  a  rare  case  of  fucosylation,  suggesting  that 
the  activity  of  Cripto  may  be  controlled  by  the  extent  of  its 
glycosylation  or  fucosylation  (for  review  see  Rosa,  2002). 
Here  we  show  that  an  alanine  substitution  in  the  site  of 
O-fucosylation  (T72A;  Yan  et  al.,  2002)  generates  a  Cripto 
mutant  protein  that  is  still  competent  to  promote  cardio¬ 
myocyte  differentiation,  although  showing  a  reduced  activity 
compared  with  the  wt.  Although  T72A  modification  of 
Cripto  has  been  previously  shown  to  be  completely  inactive 
in  facilitating  Nodal  signaling  in  Xenopus  (Schiffer  et  al., 
2001)  and  in  coculture  assay  (Yan  et  al.,  2002),  recent  data 
showed  that  mutant  embryos  lacking  O-fucosyltransferase  do 
not  resemble  the  cripto  knockout  phenotype,  thus  suggesting 
a  less  stringent  requirement  for  O-fucose  on  Cripto  activity 
in  vivo  than  in  reporter  assay  (Shi  and  Stanley,  2003). 

Nodal  signaling  is  required  for  Cripto-regulated 
cardiomyogenesis 

Results  reported  herein  suggested  that  Nodal  signaling  was  re¬ 
quired  for  Cripto-regulated  cardiac  induction  and  differentia¬ 
tion.  To  obtain  more  direct  evidence  to  support  this  hypoth¬ 
esis,  we  performed  loss-of-function  experiments  by  using 
Nodal  antagonists  in  our  controlled  differentiation  assay.  To 
this  end,  either  Cerberus  or  Cerberus-S  proteins  were  used,  ei¬ 
ther  by  transfecting  Cripto  ES  cells  with  corresponding  ex¬ 
pression  vectors  or  by  using  conditioned  media  containing  the 
recombinant  proteins.  In  both  cases,  the  presence  of  either 
Cerberus  or  Cerberus-S  results  in  a  strong  inhibition  of  Cripto 
activity  in  the  differentiation  assay,  thus  supporting  the  idea 
that  Nodal  is  indeed  required  to  mediate  Cripto-dependent 
cardiomyocyte  induction  and  differentiation  of  ES  cells. 

Understanding  the  early  events  of  lineage  segregation  dur¬ 
ing  differentiation  of  mammalian  cells  is  crucial  for  the  pros¬ 
pects  of  controlling  stem  cell  differentiation  for  biomedical 
application.  Although  ES  cells  represent  a  viable  source  of 
donor  cells  for  transplantation  and  gene  delivery,  the  suc¬ 
cessful  use  of  ES-derived  donor  cells  would  require  the  gen¬ 
eration  of  essentially  pure  cultures  of  specific  cell  types  (Bo- 
heler  et  al.,  2002).  In  this  respect,  our  results  open  new 
insights  into  the  understanding  of  the  molecular  mecha¬ 
nisms  by  which  cripto  regulates  cardiogenesis,  and  will  hope¬ 
fully  contribute  to  the  characterization  of  the  molecular  sig¬ 
nals  that  control  both  cardiac  and  neuronal  differentiation 
of  stem  cells  as  the  first  step  in  the  ongoing  efforts  to  employ 
these  cells  in  regenerative  medicine. 


Downloaded  from  www.jcb.org  on  May  5,  2004 


The  Journal  of  Cell  Biology 


Cripto  role  in  cardiomyogenesis  and  neurogenesis  |  Parisi  et  al.  313 


Materials  and  methods 

Plasmids  and  mutants 

The  pallino  (3A  vector  was  derived  from  the  pallino  vector  (provided  by  S. 
Chiocca,  European  Institute  of  Oncology,  Milan,  Italy)  by  replacing  the 
CMV  promoter  with  the  chicken  (3-actin  promoter  (pCXN2  vector;  Niwa  et 
al.,  1991).  Restriction  sites  were  blunt  ended  using  Klenow  polymerase. 
All  the  cripto  mutant  derivatives  were  obtained  as  previously  described 
(Minchiotti  et  a!.,  2001).  The  Cripto-His  here  renamed  "secreted  Cripto" 
and  the  EGF-CFC  derivatives  have  been  previously  described  (Minchiotti 
et  al.,  2001).  The  cripto  EGF  long  (nucleotide  -5  to  +288  of  cripto  cDNA; 
Donoetal.,  1993),  cripto  EGF  short  (nucleotide  -5  to  +75  fused  to  +157/ 
+288  of  cripto  cDNA),  wt  and  activated  (ca)  Alk4,  wt  and  activated  (ca) 
Taram-A,  Cerberus,  and  Cerberus-S  cDNAs  were  all  subcloned  into  pal¬ 
lino  pA  vector. 

Cell  cultures  and  ES  differentiation 

Human  embryonic  kidney  293  and  293EBNA  cells  and  undifferentiated  ES 
cells  were  cultured  as  previously  described  (Xu  et  al.,  1999;  Minchiotti  et 
al.,  2001).  For  in  vitro  differentiation,  ES  cells  were  cultivated  in  EBs  essen¬ 
tially  as  previously  described  (Wobus  et  al.,  1991;  Maltsev  et  al.,  1993; 
Fig.  1).  The  EBs  were  plated  separately  onto  gelatin-coated  48-well  plates 
for  morphological  analysis  or  onto  100-mm  tissue  culture  plates  for  RT- 
PCR  and  Western  blot. 

Cell  transfections  and  proteins 

Undifferentiated  ES  cells  (107/ml)  were  electroporated  with  linearized 
DNA  (30  jxg)  at  400  V,  250  pF.  1  wk  after  selection  with  2  pg/ml  puromy- 
cin,  resistant  clones  were  pooled,  expanded,  and  subjected  to  the  differen¬ 
tiation  assay.  Transfection  of  293EBNA  cells  was  performed  as  previously 
described  (Minchiotti  et  al.,  2000). 

Recombinant  secreted  Cripto  proteins  were  obtained  and  purified  as 
previously  described  (Minchiotti  et  al.,  2001).  Conditioned  media  contain¬ 
ing  either  Cerberus  or  Cerberus-S  were  obtained  from  293T  ceils  as  previ¬ 
ously  described  (Piccolo  et  al.,  1999). 

Western  blotting 

Either  undifferentiated  ES  cells  or  EBs  were  lysed  either  in  a  buffer  contain¬ 
ing  10  mM  Tris/CI,  pH  8,  140  mM  NaCI,  2  mM  EDTA,  pH  8, 1%  NP-40  or 
dissolved  in  Laemmli  lysis  buffer  (Laemmli,  1970)  and  analyzed  by  West¬ 
ern  blot  using  the  Trans-Blot  Semi-dry  System  (Bio-Rad  Laboratories).  The 
anti-HA  (12CA5)  antibody  (ROCHE),  anti-Porin  31 HL  antibody  (Calbio- 
chem),  anti-Smad2/3,  and  anti-phospho-Smad2  (Ser465/467)  (Upstate 
Biotechnology)  were  used  according  to  the  manufacturer's  instructions. 

RNA  preparation  and  RT-PCR 

Total  RNA  from  either  undifferentiated  ES  cells  or  EBs  was  extracted  with 
TRIzol  kit  (Life  Technologies)  according  to  the  manufacturer's  instructions 
and  reverse  transcribed  to  cDNA  with  Superscript  II  reverse  transcriptase 
(Life  Technologies)  and  random  hexamers  (as  primers).  cDNA  samples  syn¬ 
thesized  from  100  ng  of  total  RNA  were  subjected  to  PCR  amplification 
with  specific  primers.  The  primers  and  the  PCR  conditions  used  were  as 
follows:  Nodal,  5 ' -TT CCTT CT C AG GT C ACGTTT GC-3 '  (forward)  and  5'- 
GGTGGGGTTGGTATCGTTTCA-3'  (reverse),  annealing  temperature  58°C, 
cycles  35,  producing  a  518-bp  fragment;  ALK-4,  5'-AAGGATCCAG- 
G CTCTGCT GTGT GCC-3 '  (forward)  and  5 ' - ACGG ATCC ATGT CC AAC- 
CTCTCGCGG-3'  (reverse),  annealing  temperature  60°C,  cycles  30,  41 1  -bp 
fragment;  ActRIIB,  5'-ATGTGCCGTGGTGTCGTGGT-3'  (forward)  and  5'- 
G  ACCTCCTG  AT  C  AG  G  G  AT  AC-  3 '  (reverse),  annealing  temperature  58°C, 
cycles  30,  54-bp  fragment;  MLC2v,  5'-GCCAAGAAGCGGATAGAAG- 
GCGGG-3'  (forward)  and  5'-CTGTGGTTCAGGGCTCAGTCCTTC-3'  (re¬ 
verse),  annealing  temperature  70°C,  cycles  33,  490-bp  fragment;  cardiac 
aMHC,  5'-GGAAGAGTGAGCGCCGCATCAAGC-3,  (forward)  and  5'-CTG- 
CTGGAGAGGTTATTCCTCG-3'  (reverse),  annealing  temperature  65°C, 
cycles  30,  301 -bp  fragment.  A  set  of  primers  for  hypoxanthine  phosphori- 
bosyltransferase  (HPRT),  5'-CCTGCTGGATTACATTAAAGCACTG-3'  (for¬ 
ward)  and  5 '  -CCT  G  AAGT  ACTC  ATT  AT  ACT  C  AAGG-3 '  (reverse),  anneal¬ 
ing  temperature  58°C,  cycles  25,  369-bp  fragment,  was  used  as  a  control. 

Immunofluorescence  of  EBs 

Adherent  EBs  were  fixed  either  in  methanol/acetone  (7:3;  MF-20  antibody) 
or  in  4%  paraformaldehyde  in  PBS  ((3-tubulin  isotype  III).  EBs  were  treated 
with  0.1%  Triton  X-100  (Sigma-Aldrich),  10%  normal  goat  serum  (Dako- 
Cytomation)  in  PBS  and  incubated  with  primary  antibodies  in  10%  NGS, 
IX  PBS  at  the  following  working  dilutions:  anti-neurofilament-M  (1:400; 
Chemicon  International),  anti-(3-tubu!in  isotype  III  (1:400;  Sigma-Aldrich), 


and  anti-sarcomeric  myosin  (MF-20,  1 :50;  monoclonal  supernatant  ob¬ 
tained  from  the  Developmental  Studies  Hybridoma  Bank,  University  of 
Iowa).  After  washing,  EBs  were  incubated  with  secondary  antibodies,  ei¬ 
ther  fluorescein  (Boehringer)  or  rhodamine  conjugated  (Jackson  Immu- 
noResearch  Laboratories),  in  10%  NGS,  1  X  PBS.  After  PBS  wash,  EBs  were 
counterstained  with  DAPI  and  mounted  in  Vecta  Shield  medium  (Vector 
Laboratories).  Labeling  was  visualized  by  epifluorescent  illumination  using 
an  Axioskop  2  microscope,  and  images  were  acquired  on  an  Axiocam 
ARC  camera  (Carl  Zeiss  Microimaging,  Inc.). 
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Abstract 

The  relation  between  the  role  of  the  organizer  at  the  gastrula  stage  and  the  activity  of  earlier  signals  in  the  specification,  maintenance, 
and  regionalization  of  the  developing  brain  anlage  is  still  controversial.  Mouse  embryos  homozygous  for  null  mutation  in  the  cripto  gene 
die  at  about  9.0  days  postcoitum  (d.p.c.)  and  fail  to  gastrulate  and  to  form  the  node  (the  primary  organizer).  Here,  we  study  the  presence 
and  the  distribution  of  anterior  neural  plate  molecular  domains  in  cripto  null  mutants.  We  demonstrate  that,  in  cripto~{  embryos,  the  main 
prosencephalic  and  mesencephalic  regions  are  present  and  that  they  assume  the  correct  topological  organization.  The  identity  of  the  anterior 
neural  domains  is  maintained  in  mutant  embryos  at  8.5  d.p.c.,  as  well  as  in  mutant  explants  dissected  at  8.5  d.p.c.  and  cultured  in  vitro  for 
24  h.  Our  data  imply  the  existence  of  a  stable  neural  regionalization  of  anterior  character  inside  the  cripto~'~  embryos,  despite  the  failure 
in  both  the  gastrulation  process  and  node  formation.  These  results  suggest  that,  in  mouse  embryos,  the  specification  of  the  anterior  neural 
identities  can  be  maintained  without  an  absolute  requirement  for  the  embryonic  mesoderm  and  the  node. 

©  2003  Elsevier  Inc.  All  rights  reserved. 
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Introduction 

Classical  embryological  experiments  have  identified  the 
existence  of  a  specific  population  of  cells  in  the  gastrulae  of 
the  amphibian  (dorsal  blastopore  lip),  the  zebrafish  (dorsal 
embryonic  shield),  the  bird  (Hensen’s  node),  and  the  mouse 
(node)  that  act  to  organize  the  body  plan  (reviewed  by 
Lemaire  and  Kodjabachian,  1996).  The  organizer  has  been 
defined  as  a  specialized  region  of  the  vertebrate  embryo, 
that  can  act  as  an  independent  unit  controlled  by  self- 
sustaining  signals,  and  that  is  able  to  recruit  surrounding 
ectoderm  cells  to  become  neural,  giving  them  a  complete 
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anterior-posterior  (A/P)  pattern.  Heterotopic  transplantation 
experiments  have  highlighted  that  the  mouse  node  is  able  to 
induce  a  secondary  axis  but,  unlike  the  Xenopus  organizer, 
the  mouse  node  is  not  sufficient  to  induce  duplication  of  the 
most  anterior  structures  (Beddington,  1994).  These  findings 
indicate  that  the  murine  node  might  not  possess  all  the 
properties  for  a  complete  A/P  regionalization  of  the  neural 
axis. 

Evidence  that  signals  from  outside  the  classical  organizer 
could  be  required  for  induction  of  the  anterior  neural  plate 
(ANP)  was  first  produced  in  mouse  by  physical  ablation  of 
the  anterior  visceral  endoderm  (AVE)  (Thomas  and  Bed¬ 
dington,  1996)  and  confirmed  by  the  comparative  analysis 
of  Liml,  nodal,  and  Otx2  knock-out  and  chimeric  embryos 
(Acampora  et  al.,  1995;  Conlon  et  al.,  1994;  Rhinn  et  al., 
1998;  Shawlot  and  Behringer,  1995;  Shawlot  et  al.,  1999; 
Varlet  et  al.,  1997).  Collectively,  the  results  of  these  exper¬ 
iments  indicate  that  the  mouse  node  does  not  initiate  the 
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Fig.  1.  In  vitro  cultured  cripto'1-  explant.  (A)  cripto~/~  embryo  at 
8.5  d.p.c.  The  red  line  indicates  the  boundary  between  embryonic  and 
extraembryonic  regions,  while  the  green  dotted  line  indicates  the  axis  along 
which  the  embryo  is  cut  to  open.  (B)  Ventral  view  of  the  opened  embryo. 
The  embryonic  region  is  in  the  middle,  while  the  extraembryonic  region  is 
at  the  periphery  of  both  sides  of  the  embryo.  (C)  cripto'*'  explant  at  0  h 
of  in  vitro  culture  on  steady  membrane  filters.  (D)  cripto'*'  explant  after 
24  h  of  in  vitro  culture,  showing  the  preserved  morphology  of  the  tissue  in 
the  explant. 


anterior  pattern,  and  that  a  head  organizer  activity  might 
reside  in  the  AVE  (reviewed  by  Beddington  and  Robertson, 
1998,  1999).  A  two-step  model  for  mouse  anterior  neural 
development  proposes  that  initial  specification  of  anterior 
neural  identity  requires  the  AVE,  while  the  subsequent 
maintenance  and  refinement  of  the  previously  induced  iden¬ 
tities  involve  signals  emitted  by  the  node  and  its  derivatives 
(Shawlot  et  al.,  1999;  Thomas  and  Beddington,  1996).  Re¬ 
cent  studies  supporting  this  model  also  point  to  a  role  of 
node  derivatives  in  maintaining  and  stabilizing  the  anterior 
neural  specification.  Camus  and  coworkers  (2000)  have 
demonstrated  that,  in  the  mouse  embryo,  the  removal  of  the 
rostral  segment  of  the  anterior  midline,  containing  the  pre¬ 
chordal  mesoderm,  causes  head  truncation  accompanied  by 
the  loss  of  several  forebrain  markers.  Moreover,  the  analysis 
of  HNF3p/Foxa2  conditional  mutants  has  shown  that,  in  the 
absence  of  the  axial  mesendoderm,  specification  of  the  ANP 
occurs,  but  is  labile  (Hallonet  et  al.,  2002).  However,  results 
have  also  been  produced  that  do  not  fit  with  the  above 
model.  Anterior  neural  induction  does  not  occur  in  Wnt3~/~ 
embryos,  which  lack  the  primitive  streak  and  the  node, 
despite  apparently  normal  AVE  development  (Liu  et  al., 
1999).  Furthermore,  heterotopic  transplantation  experi¬ 
ments  show  that  the  AVE  alone  fails  to  induce  ectopic 
neural  tissue  (Tam  and  Steiner,  1999).  Both  findings  argue 
against  a  role  of  the  AVE  as  the  embryonic  head  organizer. 
On  the  other  hand,  HNF3fi  null  mutants  lack  the  node  and 
the  axial  mesendoderm,  but,  surprisingly,  the  patterning 


along  A/P  axis  is  only  slightly  affected  (Ang  and  Rossant, 
1994;  Klingensmith  et  al.,  1999;  Weinstein  et  al.,  1994). 

To  summarize  the  above,  the  specific  role  of  the  AVE 
and  the  node  during  anterior  neural  development  remains  a 
contentious  issue.  Our  work  intends  to  contribute  to  the 
debate,  by  analyzing  in  detail  the  anterior  neural  patterning 
in  cripto -/”  embryos,  cripto  null  mutants  represent  the  only 
mouse  mutant  model  to  combine  the  lack  of  primitive  streak 
and  node  and  the  distal  mislocalization  of  a  still  functional 
AVE  (Beddington,  1998;  Ding  et  al.,  1998),  thus  providing 
a  powerful  tool  to  gain  insight  into  the  specification,  region¬ 
alization,  and  stabilization  of  the  ANP  in  the  mouse  embryo. 
cripto  is  the  founding  member  of  the  family  of  EGF-CFC 
genes  which  code  for  extracellular  factors  that,  in  conjunc¬ 
tion  with  nodal,  a  ligand  of  the  transforming  growth  factor 
beta  (Tgf-/3)  family,  are  involved  in  the  molecular  control  of 
several  early  decisions  during  vertebrate  embryonic  devel¬ 
opment  (Minchiotti  et  al.,  2002;  Reissmann  et  al.,  2001; 
Shen  and  Schier,  2000;  Yan  et  al.,  2002).  The  mouse  cripto 
gene  is  expressed  in  the  whole  epiblast  before  gastrulation 
and,  successively,  in  the  forming  mesoderm  and  in  the 
developing  heart  (Ding  et  al.,  1998;  Dono  et  al.,  1993; 
Minchiotti  et  al.,  2000).  Targeted  inactivation  of  cripto 
causes  early  embryonic  lethality,  at  approximately  9.0  days 
postcoitum  (d.p.c.),  affecting  the  definition  of  A/P  polarity, 
embryonic  mesoderm  formation,  and  cardiac  development 
(Ding  et  al.,  1998;  Xu  et  al.,  1999).  Here,  we  determine  the 
expression  pattern  of  diagnostic  anterior  neural  markers  in 
both  cripto~l~  embryos  and  in  vitro  cultured  explants,  fo¬ 
cusing  our  attention  on  the  definition  and  the  maintenance 
of  the  spatial  relationships  among  the  different  expression 
domains.  Our  analysis  elucidates  the  molecular  identity  of 
cripto~l~  anterior  neuroectoderm  and  indicates  that  the  cor¬ 
rect  specification  and  location  of  the  presumptive  anterior 
neural  territories  may  occur  and  be  maintained  even  in  the 
absence  of  the  node  and  its  derivatives. 


Materials  and  methods 

Production  of  mutant  embryos 

The  analysis  of  cripto  inactivation  was  performed  in  a 
mixed  genetic  background  composed  of  25%  129SvJ,  25% 
Black  Swiss,  and  50%  C57B16.  Mutant  homozygotes  were 
obtained  by  crossing  heterozygous  mice.  Noon  of  the  day  on 
which  the  vaginal  plug  was  detected  was  considered  as 
0.5  d.p.c.  in  the  timing  of  the  embryo  collection.  For  the 
genotyping  of  pups  and  embryos,  DNA  was  extracted  from 
the  tail  tips  and  yolk  sac,  respectively,  and  then  analyzed  by 
means  of  PCR  as  previously  described  (Xu  et  al.,  1999). 

Embryo  dissection  and  explant  culture 

Timed  pregnant  cripto~/~  mice  were  killed  by  cervical 
dislocation,  and  embryos  at  8.5  d.p.c.  were  dissected  from 
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6.7  d.p.c.  7.5  d.p.c. 


Fig.  2.  Comparison  of  Otx2  gene  expression  in  wt  and  cripto~f~  embryos  at  both  6.7  and  7.5  d.p.c.  (A,  A\  C,  C')  Bright-field  and  (B,  B\  D,  D')  dark-field 
images  of  in  situ  hybridizations  on  sagittal  sections  of  wt  (upper  panel)  and  cripto~l~  (lower  panel)  embryos.  Otx2  expression  in  the  epiblast  (EPI)  and 
embryonic  visceral  endoderm  (VE)  of  6.7-d.p.c.  wt  (A,  B)  and  cripto~f~  (A\  B')  embryos.  (C,  D)  Otx2  expression  in  the  anterior  embryonic  region  of 
7.5-d.p.c.  wt  embryo  and  (C\  D')  in  almost  all  the  embryonic  region  of  cripto  null  mutant  at  7.5  d.p.c.  Arrowheads  label  the  extension  of  neural  plate  (empty 
arrowheads)  and  the  caudal  limit  of  Otx2  expression  (red  arrowheads). 


decidual  tissue  in  chilled  Hank’s  medium  (Gibco-Life  Tech¬ 
nologies).  For  explant  in  vitro  culture,  wt  embryos  were 
opened  and  treated  as  previously  described  (Echevarria  et 
al.,  2001).  The  cripto embryos  showed  a  sac  shape  in 
which  it  was  only  possible  to  recognize  an  embryonic 
(lower)  and  an  extraembryonic  (upper)  region  (Fig.  1A). 
These  embryos  were  first  cut  apically  so  as  to  remove  the 
most  external  part  of  the  extraembryonic  region,  and  then 
opened  longitudinally  along  two  opposite  axes,  starting 
from  the  extraembryonic  and  moving  toward  the  embryonic 
region  (Fig.  1A).  The  result  was  a  symmetric  bow-tie- 
shaped  explant  in  which  the  embryonic  region  was  in  the 
center  and  the  extraembryonic  at  the  periphery  of  both  sides 
of  the  explant  (Fig.  IB,  C,  and  D).  Both  wt  and  mutant 
explants  were  cultured  in  vitro  for  24-30  h  as  previously 
described  (Echevarria  et  al.,  2001).  Both  embryos  and  in 
vitro  cultured  explants  were  fixed  for  a  time  varying  from 
3  h  to  overnight  in  4%  paraformaldehyde  in  PBS  at  4°C, 
washed  in  PBT  (0.1%  Tween  20  in  PBS),  dehydrated 
through  ascending  methanol,  and  stored  at  ~20°C. 


In  situ  hybridization  on  sections 

RNA  probes  were  synthesized  from  linearized  plasmid  in 
the  presence  of  35S-CTP  (Amersham)  (Simeone,  1999).  In 
situ  hybridization  (ISH)  experiments  on  sections  were  per¬ 
formed  as  previously  described  (Simeone,  1999).  Autora¬ 
diography  was  performed  by  using  Kodak  NTB2  emulsion, 
with  exposure  times  from  15  to  20  days.  After  developing, 
sections  were  counterstained  with  hematoxylin  and  then 
mounted  in  DEPEX.  Serially  labeled  sections  were  exam¬ 
ined  and  photographed  in  both  dark-  and  bright-fields,  using 
a  Zeiss  compound  microscope/Polaroid  camera  with  Kodak 
Elite  II  film. 

Whole-mount  in  situ  hybridization  (WISH) 

RNA  antisense  probes  were  synthesized  from  linearized 
plasmid  in  the  presence  of  Digoxigenin-UTP  (Boehringer 
Manheim)  or  Fluorescein-UTP  (Boehringer  Manheim).  Em¬ 
bryos  were  hybridized  at  68°C  in  50%  formamide,  5X  SSC, 
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Table  1 

Summary  of  the  whole-mount  in  situ  hybridization  experiments  on  wt  and  cripto  '  samples  at  8.5  d.p.c. 


Gene 

N.embr* 

N.expl* 

Ant.  Pros. 

Diene. 

Mes. 

Isthmus 

Ant.  Rhomb 

wt 

-H 

wt 

-/- 

wt 

-/- 

wt 

-/- 

wt 

Sox2 

4/4 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Otx  2 

12/14 

4/4 

+ 

+ 

-1- 

+ 

+ 

+ 

Bfl 

4/4 

+ 

+ 

Six3 

3/3 

4/4 

+ 

+ 

+ 

+ 

Nkx2.1 

3/3 

+ 

+ 

Nkx2.2 

3/3 

+ 

+ 

Pax6 

3/3 

+ 

-1- 

+ 

+ 

Irx3 

4/4 

3/3 

+ 

+ 

+ 

+ 

4- 

+ 

+ 

+ 

Wntl 

4/4 

3/3 

+ 

+ 

+ 

+ 

FgfS 

8/10 

4/5 

+ 

- 

+ 

+ 

Pax2 

3/3 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Gbx2 

8/10 

4/5 

+ 

+ 

+ 

Shh 

0/3 

+ 

- 

— 

— 

+ 

+ 

*  indicates  the  number  of  positive  samples  (embryos  in  the  second  lane  and  explants  in  the  third  lane)  out  of  the  number  of  total  samples  analyzed.  For 

each  marker,  the  positive  embryos  show  always  comparable  expression. 


pH  5,  0.1%  Tween  20,  50  /Jtg/ml  heparin,  50  /xg/ml  tRNA, 
50  fx g/ml  salmon  sperm  DNA,  using  a  probe  concentration 
of  100-500  ng/ml.  Embryos  were  washed  three  times  for 
1  h  each  wash  at  68°C  in  50%  formamide,  4X  SSC,  pH  5, 
1%  SDS,  and  then  three  times  for  1  h  each  at  68°C  in  50% 
formamide,  2X  SSC,  pH  5.  Hybridization  was  detected  with 
alkaline-phosphatase-coupled  anti-Digoxigenin  antibodies 
(Boehringer  Manheim),  followed  by  a  reaction  with  ni- 
troblue  tetrazolium  chloride  (NBT)  and  5-Bromo-4-chloro- 
3-indolyl  phosphate,  4-toluidine  salt  (BCIP)  (Boehringer 
Manheim),  developing  a  blue  color  and  thereafter,  for  the 
double  WISH,  with  alkaline-phosphatase-coupled  anti-flu¬ 
orescein  antibodies  (Boehringer  Manheim),  followed  by  a 
reaction  with  2-(4  Iodophenyl)-3-(4nitrophenyl)-5-phenyl- 
tetrazolium  chloride  (INT)  and  BCIP  (Boehringer  Man¬ 
heim),  developing  a  red  color.  Stained  embryos  were  exam¬ 
ined  and  photographed  by  using  a  Leica  MZ12  dissection 
microscope.  All  the  images  were  processed  in  AdobePho- 
toshop  5.0  (Adobe  System  Inc.,  Mountain  View,  CA).  The 
following  probes  were  used:  Bfl  (Hatini  et  al.,  1994),  FgfS 
(Crossley  and  Martin,  1995),  Irx3  (Bosse  et  al.,  1997),  Gbx2 
(Wassarman  et  al,,  1997),  Nkx2.1  (Pabst  et  al,  2000), 
Nkx2.2  (Shimamura  et  al.,  1995),  Otx2  (Simeone  et  al., 
1992),  Pax2  (Rowitch  and  McMahon,  1995),  Pax6  (Walther 
and  Gruss,  1991),  Shh  (Echelard  et  al.,  1993),  Six3  (Oliver 
et  al.,  1995),  Sox2  (Collignon  et  al.,  1996),  and  Wntl  (Joy¬ 
ner,  1996). 


Results 

cripto  ~/”  embryos  essentially  consist  of  anterior 
neuroectoderm 

We  first  analyzed  the  expression  profile  of  the  anterior 
neural  marker  Otx2  during  the  development  of  cripto~'~ 


mutants,  using  ISH  on  both  sections  and  whole  embryos 
(Figs.  2,  3A  and  A').  At  6,7  d.p.c.,  wt  and  mutant  embryos 
showed  comparable  Otx 2  expression  in  the  whole  embry¬ 
onic  ectoderm  (Fig.  2A,  B,  A',  and  B'),  while  at  7.5  d.p.c., 
Otx2  transcripts  were  restricted  to  the  anterior  side  of  wt 
embryos  (Fig.  2C  and  D),  but  persisted  in  almost  the  entire 
embryonic  region  of  criptoT 1  mutants  (Fig.  2C'  and  D'; 
Ding  et  al,,  1998).  At  8.5  d.p.c.,  the  Otx2  expression,  which 
at  this  stage  identifies  forebrain  and  midbrain  regions,  was 
maintained  throughout  the  cripto~'~  embryos  (Fig.  3 A  and 
A';  Table  1).  To  verify  if  the  Otx2  expression,  observed  in 
8.5  d.p.c.  cripto~!~  embryos,  actually  reflected  a  neural 
phenotype  rather  than  the  presence  of  undifferentiated  ec¬ 
toderm  (as  in  the  wt  embryo  at  the  onset  of  gastrulation),  we 
also  examined  the  expression  of  the  pan-neural  marker 
Sox2.  We  found  Sox2  transcripts  in  almost  all  the  embryonic 
cells  of  cripto~! ~  mutants  (Fig.  3B';  Table  1).  The  compar¬ 
ison  between  Otx2  and  Sox2  transcripts  distribution  indi¬ 
cated  that  the  two  expression  domains  were  almost  com¬ 
pletely  overlapping  and  that  most  0rx2-expressing  cells  also 
expressed  Sox2}  demonstrating  their  neural  character.  Thus, 
we  conclude  that,  at  8.5  d.p.c.,  cripto"1"  embryos  princi¬ 
pally  consist  of  neuroectodermal  cells,  most  of  which  ex¬ 
press  the  anterior  marker  Otx2.  The  widespread  Otx2  ex¬ 
pression  suggests  the  presence  of  putative  forebrain  and 
midbrain  territories. 

cripto -/~  embryos  express  forebrain  markers 

To  determine  the  identity  of  the  neural  tissue  present  in 
cripto" !~  embryos,  we  analyzed  the  expression  at  8.5  d.p.c. 
of  specific  diagnostic  markers  (Table  1).  We  first  investi¬ 
gated  the  pattern  of  the  forebrain  genes  Bfl  (which  identifies 
most  of  the  telencephalon;  data  not  shown),  Six3,  and 
Nkx2.1  (which  both  mark  the  hypothalamus  and  optic  stalk 
primordium;  Fig.  4A  and  B)  (Hatini  et  al.,  1994;  Oliver  et 
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al.,  1995;  Shimamura  et  al.,  1995).  All  the  genes  were 
expressed  at  the  distal  tip  of  cripto  mutant  embryos  (Fig. 
4A'  and  B';  data  not  shown).  We  also  investigated  the 
expression  of  the  Nkx2.2  (Fig.  4C)  and  Pax6  (Fig.  4D) 
genes,  which  are  expressed  more  widely  along  the  A/P 
neural  axis  of  wt  embryos  (Shimamura  et  al.,  1995;  Walther 
and  Gruss,  1991).  Nkx2.2  is  expressed  in  a  medial  rostral 
region  of  the  forebrain  and,  moreover,  in  the  basal  plate  of 
almost  the  entire  central  nervous  system  (CNS)  (Fig.  4C). 
Pax6  expression  identifies  the  prosencephalon  (the  optote- 
lencephalic  region  and  the  diencephalic  area),  the  hindbrain, 
and  the  spinal  cord  (Fig.  4D).  In  the  cripto  null  mutants,  we 
detected  Nkx2.2  expression  at  the  distal  embryonic  tip  (Fig. 
4C')  and  Pax6  expression  in  a  thick  band  close  to  the  distal 
tip  of  the  embryo  (Fig.  4D').  Ding  and  co workers  (1998) 
have  clearly  shown  that  posterior  neuroectoderm  is  absent 
in  cripto" *"  embryos.  Therefore,  the  expression  of  the  latter 
two  genes  that  we  detected  in  cripto  null  mutants  might  only 
be  assigned  to  forebrain  domains. 

These  data  show  that  cripto"1"  embryos,  despite  the 
extremely  severe  morphological  phenotype,  express  all  the 
forebrain  genes  examined  and  suggest  the  presence  of  all 
the  forebrain  territories  that  these  markers  identify.  More 
interestingly,  these  genes  were  expressed  in  an  ordered 
manner  and  always  showed  the  same  spatial  distribution. 

cripto"'"  embryos  express  midbrain  and  isthmic  markers 

Based  on  the  above  results,  we  went  on  to  analyze  the 
expression  of  midbrain  and  isthmic  genes  (Fig.  5;  Table  1). 
All  the  genes  examined  were  also  expressed  in  more  pos¬ 
terior  domains  along  the  axis  of  the  wt  embryo.  However, 
we  only  considered  the  expression  domains  inside  the  ANP, 
because  the  other  structures  are  absent  in  cripto"1"  embryos 
(Ding  et  al.,  1998;  Xu  et  al.,  1999).  Our  analysis  showed 
lrx3  expression,  which  marks  caudal  diencephalon,  mesen¬ 
cephalon,  and  rhombencephalon  (Fig.  5A;  Bosse  et  al., 
1997),  in  a  large  proximal  region  of  cripto  null  mutant 
embryos  (Fig.  5A').  We  also  detected  Wntl  transcripts, 
which  identify  at  this  stage  the  dorsal  midbrain  and  isthmus 
(Fig.  5B;  Wurst  and  Bally-Cuif,  2001),  and  Fgf8  transcripts, 
which  mark  the  isthmus  and  the  anterior  neural  ridge  (ANR) 
(Fig.  5C;  Crossley  and  Martin,  1995),  in  a  circumferential 
ring  of  proximal  cells  in  cripto"1"  embryos  (Fig.  5B'  and 
C')-  No  Fgf8  expression  was  detected  at  the  distal  embry¬ 
onic  tip  of  cripto"*"  mutants  (Fig.  5C'),  suggesting  the 
absence  of  the  ANR  primordium  (Fig.  5C).  Instead,  Pax2 
expression  was  found  in  two  different  domains  in  cripto"1" 
embryos:  one  small  domain  at  the  very  distal  tip  of  the 
embryos,  probably  indicating  the  optic  stalk  primordium, 
and  a  second  domain  located  approximately  at  the  boundary 
between  the  embryonic  and  extraembryonic  regions,  which 
coincides  with  the  mid- hindbrain  expression  in  wt  embryos 
(Fig.  5D  and  D')-  Finally,  the  Gbx2  expression,  which 
defines  the  isthmus  and  anterior  hindbrain  (Fig.  5E;  Was- 
sarman  et  al.,  1997),  was  restricted  to  the  most  proximal 


side  of  the  mutant  embryos  (Fig.  5E').  We  did  not  find  in  the 
embryonic  region  of  cripto  null  mutants  any  Shh  expression 
(data  not  shown),  which  marks  the  prosencephalic  and  the 
mesencephalic  basal  plate  of  wt  embryos  (Echelard  et  al., 
1993). 

In  conclusion,  all  the  telencephalic,  diencephalic,  mes¬ 
encephalic,  and  isthmic  territories  investigated  are  specified 
in  the  cripto"1"  embryos,  with  the  exception  of  the  ANR. 
Moreover,  neural  markers  that  in  wt  embryos  define  the 
more  rostral  regions,  are  positioned  more  distally  in 
cripto"*"  mutants,  while  markers  expressed  in  the  more 
posterior  regions  of  wt  embryos  are  located  more  proxi- 
mally  in  the  mutants.  Collectively,  these  data  indicate  the 
presence  of  a  complex  neural  regionalization  of  anterior 
character  inside  the  cripto"*"  embryos  at  8.5  d.p.c. 

In  vitro  cultured  cripto"'"  explants  maintain  the  anterior 
neural  regionalization 

cripto"*"  embryos  die  in  utero,  at  about  9.0  d.p.c.  (Xu  et 
al.,  1999),  preventing  us  from  addressing  the  question  if  and 
how  anterior  neural  expression  might  be  further  maintained. 
To  investigate  whether  neural  signals  acting  in  cripto" *~ 
embryos  might  specify  a  stable  regionalization  inside  the 
anterior  neuroectoderm,  we  made  use  of  embryo  culture.  It 
has  been  shown  that,  under  the  opportune  conditions,  the  in 
vitro  development  of  anterior  neural  tube  dissected  at  early 
embryonic  stages  can  mimic  development  in  utero  (Echev¬ 
arria  et  al.,  2001).  Furthermore,  it  has  been  proposed  that  in 
vitro  embryo  culture  can  prolong  the  survival  time  of  the 
brain  anlage  in  early  lethal  mutations  (Echevarria  et  al., 
2001). 

We  dissected  cripto"*"  mutants  as  well  as  anterior  neu¬ 
ral  tube  from  control  embryos  at  8.5  d.p.c.  and  cultured 
them  in  vitro  for  24-30  h  (Figs.  1  and  6).  During  this 
period,  neither  wt  nor  cripto"*"  explants  showed  apprecia¬ 
ble  tissue  degeneration,  and  both  explants  maintained  their 
morphological  structure  (Figs.  1  and  6).  cripto"*"  explants 
were  heterogeneous  in  size  and  shape,  as  the  embryos  from 
which  they  were  derived  (Figs.  1  and  6).  However,  in  the 
bow- tie-shaped  cripto"*"  explants,  the  distal  embryonic 
region  was  distinguishable  in  the  center,  whereas  the  ex¬ 
traembryonic  one  was  at  both  sides.  The  reciprocal  exten¬ 
sion  of  embryonic  and  extraembryonic  regions  was  variable 
(Figs.  1  and  6). 

We  used  the  explants  to  investigate  the  expression  profile 
of  most  of  the  genes  analyzed  in  8.5-d.p.c.  embryos  (Fig.  6; 
Table  1).  The  expression  of  the  more  anterior  genes,  such  as 
Six3  and  Otx2y  was  detected  in  the  middle  region  of  the 
explants  approximately  (Fig.  6A  and  B),  corresponding  to 
the  distal  part  of  the  8.5-d.p.c.  cripto  null  mutants  (Figs.  3A' 
and  4A').  In  perfect  agreement,  the  expression  of  the  more 
posterior  markers,  such  as  Wntl,  Fgf8,  and  Gbx2,  observed 
at  8.5  d.p.c.  in  the  proximal  region  of  the  cripto"*"  embryos 
(Fig.  5B',  C\  and  E')  was  located  in  the  corresponding 
more  external  part  of  the  explants  (Fig.  6D,  E,  and  F).  In 


542 


G.L  Liguori  et  al.  /  Developmental  Biology  264  (2003)  537-549 


Fig.  3.  Comparison  between  Otx2  and  Sox2  expression  in  cripto~'~  and  wt 
embryos  at  8.5  d.p.c,  by  means  of  whole-mount  in  situ  hybridization.  (B) 
A  dorsal  view,  whereas  all  the  other  pictures  are  lateral  views.  (A)  Otx2 
expression  in  the  forebrain  and  midbrain  of  wt  embryo  and  (A')  in  almost 
all  the  cripto~/~  embryonic  region.  (B)  Pan-neural  Sox2  expression  in  wt 
embryo.  (B')  Sox2  expression  throughout  the  whole  cripto~'~  embryonic 
region.  Abbreviations:  fb,  forebrain;  mb,  midbrain.  Black  lines  indicate  the 
boundaries  between  the  different  anterior  neural  regions. 


conclusion,  cripto~l~  explants  expressed  all  the  diagnostic 
markers  analyzed  in  the  same  topological  order  identified  in 
8.5-d.p.c.  embryos.  These  results  indicate  that  cripto~f~ 
embryos  maintain  anterior  neural  patterning,  even  after  24  h 
of  in  vitro  culture. 


Topological  relationships  among  the  different  anterior 
neural  domains  are  conserved  in  cripto _/_  embryos 

One  fundamental  point  to  be  raised  is  the  definition  of 
the  spatial  relationships  among  the  different  anterior  neural 
gene  expression  patterns  in  cripto~ embryos.  For  this 
purpose,  we  performed  double  WISH  experiments  using  the 
following  pairs  of  genes,  Otx2/Gbx2  (Fig.  7 A,  A',  D,  and 
D'),  Fgf8/Wntl  (Fig.  7B  and  B'),  and  Sbc3/Irx3  (Fig.  7C,  C , 
E,  and  E')  on  both  wt  and  mutant  8.5-d.p.c.  embryos  as  well 
as  on  explants  cultured  in  vitro  for  24  h. 

In  wt  embryos,  Otx2  and  Gbx2  expression  domains  were 
demonstrated  to  be  juxtaposed  (Fig.  7 A  and  D),  showing 
mutual  repressing  activity  (Broccoli  et  al.,  1999;  Garda  et 
al.,  2001;  Millet  et  al.,  1999).  The  boundary  between  the 
two  expression  domains  was  shown  to  define  the  formation 
of  the  isthmic  organizer  and  the  source  of  the  Fgf8  signal 
(Fig.  7B;  Garda  et  al.,  2001;  Li  and  Joyner,  2001;  Martinez- 
Barbera  et  al.,  2001).  The  region  rostral  to  the  isthmus,  the 
caudal  midbrain,  in  which  Gbx2  was  absent,  also  expressed 
Wntl  (Fig.  7B;  Millet  et  al.,  1999).  The  double  Otx2/Gbx2 
WISH  showed  that  adjacent  relation  was  maintained  be¬ 
tween  these  two  expression  domains  in  all  the  cripto  mutant 
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Fig.  4.  Forebrain  markers  are  expressed  in  cripto~t~  embryos.  Whole-mount  in  situ  hybridization  analysis  of  wt  and  cripto~l~  embryos  at  8.5-9.0  d.p.c.  All 
the  pictures  are  lateral  views.  (A)  Six3  expression  in  the  forebrain  of  wt  embryo  and  (A')  at  the  distal  tip  of  cripto~f~  embryo.  (B)  Nkx2.1  expression  in  the 
ventral  forebrain  of  control  embryo  and  (B')  at  the  distal  tip  of  cripto~'~  embryo.  (C)  Nkx2,2  expression  in  the  medial  anterior  neural  plate  and  along  the 
hindbrain  and  spinal  cord  of  wt  embryo  and  (C')  distally  in  cripto~,~  embryo.  (D)  Pax6  expression  identifying  the  forebrain,  hindbrain  and  spinal  cord  of 
wt  embryo  and  (D')  a  sharp  band  close  to  the  distal  tip  of  cripto~'~  embryo.  Abbreviations:  fb,  forebrain;  hb,  hindbrain;  hy,  hypothalamus;  os,  optic  stalk; 
sc,  spinal  cord.  Black  lines  indicate  the  boundaries  between  the  different  anterior  neural  regions. 
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Fig.  5.  cripto~'~  embryos  express  midbrain  and  isthmic  markers.  Whole-mount  in  situ  hybridization  analysis  of  8.5-  to  9.0-d.p.c.  wt  and  cripto~f~  embryos. 
All  the  pictures  are  lateral  views.  (A)  lrx3  expression  in  the  caudal  diencephalon,  midbrain,  hindbrain,  and  spinal  cord  of  wt  embryo  and  (A')  in  the 
intermediate  region  of  cripto~{~  mutant.  (B)  Wntl  expression  in  the  dorsal  midbrain,  isthmus,  and  spinal  cord  of  wt  embryo  and  (B')  in  a  transverse  ring 
in  the  proximal  cripto~f~  embryonic  region.  (C)  Fgf8  expression  in  the  ANR,  isthmic  primordium,  foregut,  and  tail  bud  of  wt  embryo.  (C')  Proximal  ring 
of  FgfS  expression  in  cripto embryo.  (D)  Pax2  expression  in  the  optic  stalk  and  midbrain- hindbrain  boundary  of  control  embryo  and  (D')  in  both  the 
distal  tip  and  the  boundary  between  embryonic  and  extraembryonic  regions  of  cripto  mutant.  (E)  Gbx2  expression  in  the  isthmus,  anterior  hindbrain,  branchial 
arches,  and  tail  bud  of  wt  embryo  and  (E')  in  a  proximal  ring  inside  cripto ~/_  embryo.  Abbreviations:  ANR,  anterior  neural  ridge;  ba,  branchial  arches;  fb, 
forebrain;  fg,  foregut;  hb,  hindbrain;  Is,  isthmus;  mb,  midbrain;  os,  optic  stalk;  sc,  spinal  cord;  tb,  tail  bud.  Boundaries  between  anterior  neural  regions  are 
indicated  by  black  lines. 


embryos  (a  total  of  three)  and  explants  (a  total  of  three) 
analyzed  (Fig.  7A'  and  D').  Similarly,  the  Wntl  and  Fgf8 
genes,  which  at  this  stage  define  two  adjacent  narrow  stripes 
corresponding  to  the  isthmic  organizer  (Fig.  7B),  were  ex¬ 
pressed  with  a  similar  pattern  in  the  proximal  regions  of 
cripto  mutant  embryos  (four  out  of  five)  (Fig.  7B').  More¬ 
over,  we  examined  the  relative  expression  of  the  Six3  and 
Irx3  genes,  which  define  the  first  one  the  anterior  forebrain 
and  the  second  one  the  caudal  diencephalon  and  the  mes¬ 
encephalon.  The  nested  domains  of  the  Six3  and  Irx3  ex¬ 
pressions  were  also  conserved  in  all  the  cripto~l~  embryos 
(a  total  of  three)  and  explants  (a  total  of  three)  analyzed 
(Fig.  7C,  C',  E,  and  E'). 

We  can  thus  conclude  that  the  relative  position  of  the 
different  anterior  neural  territories  is  conserved  in  both 
cripto  null  mutant  embryos  and  explants.  All  our  data  show 
that  a  precise  A/P  polarity  is  detectable  inside  the  neuroec¬ 
toderm  present  in  cripto _/“  mutants,  even  if  rotated  at  about 
90°  anticlockwise  in  relation  to  the  wt  and,  thus,  oriented 
along  the  embryonic  proximodistal  (P/D)  axis  (Fig.  8).  The 
spatial  distribution  of  the  different  markers  in  consecutive 
ring-like  domains,  along  the  P/D  axis  of  cripto~',~  embryos, 
corresponding  to  concentric  domains  in  the  explants  indi¬ 
cates  that  neural  plate  regionalization  in  cripto  mutant  em¬ 
bryos  develops  with  a  radial  distribution  rather  than  with  an 
A/P  bilateral  symmetry  (Fig.  8). 


Discussion 

Different  phases  can  be  distinguished  during  early  brain 
development,  these  being  the  initial  induction  of  the  ANP, 
the  successive  maintenance  of  its  cephalic  character,  and  the 
progressive  refinement  and  embellishment  of  the  previously 
induced  identities.  Our  aim  was  to  investigate  the  role  of  the 
mouse  node  and  AVE  in  the  maintenance  of  the  ANP 
identities,  taking  advantage  of  the  peculiar  phenotypic  char¬ 
acteristics  of  cripto~f~  mutants  (absence  of  the  node  and 
distal  mislocalization  of  the  AVE). 

cripto ~/_  embryos  maintain  a  regionalized  anterior 
neural  plate 

During  embryogenesis,  Otx2  gene  expression  is  mainly 
restricted  to  forebrain  and  midbrain  regions  (Simeone  et  al., 
1992).  The  Otx2  gene  is  also  widely  expressed  in  the  ecto¬ 
derm  layer  of  7.5-d.p.c.  cripto~f~  embryos  (Ding  et  al., 
1998),  thus  suggesting,  but  not  actually  proving,  that  ante¬ 
rior  neuroectoderm  specification  occurs  in  cripto  mutants. 
In  fact,  since  Otx2  is  also  expressed  in  the  whole  epiblast  of 
wt  pregastrula  embryo,  the  Otx2  transcripts  detected  in 
7.5-d.p.c.  cripto~l~  embryos  might  simply  indicate  the  per¬ 
sistence  of  an  undifferentiated  ectoderm  due  to  the  failure  of 
gastrulation.  Here,  we  report  that  Otx2  in  the  embryonic 
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Fig.  7.  Topological  conservation  of  the  anterior  neural  domains  in  cripto~f~  embryos  and  explants.  Otx2  and  Gbx2  expression  domains  are  close  to  each  other 
in  correspondence  of  the  wt  isthmus  (A,  D)  and  are  still  adjacent  in  cripto~'~  embryo  (A')  and  explant  (D').  Fgf8  and  Wntl  expression,  identifying  two 
adjacent  narrow  stripes  in  the  isthmic  region  of  the  wt  embryo  (B)  and  showing  a  similar  pattern  in  cripto~,~  mutant  (B').  Six3  and  Irx3  expression  domains 
in  wt  embryo  (C)  and  explant  (E),  identifying  the  first  the  ventral  forebrain  and  the  second  the  caudal  diencephalon,  the  mesencephalon,  and  the  anterior 
hindbrain.  Conservation  of  the  topological  relationships  between  Six3  and  lrx3  expression  domains  in  cripto~,~  embryo  (C')  and  explant  (E')«  Arrowheads 
label  the  limit  between  the  expression  patterns. 
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Fig.  8.  Schematic  comparison  of  the  expression  domains  of  diagnostic  anterior  neural  markers  in  wt  and  cripto~,~  embryos.  The  topological  relationship 
among  the  different  domains  is  conserved  in  cripto~/~  embryo,  denoting  that  an  A/P  axis  is  recognizable  inside  the  mutant  neuroectoderm,  but  still  oriented 
along  the  embryonic  P/D  axis.  The  result  is  a  distribution  of  the  different  expression  domains  as  consecutive  rings  along  the  P/D  axis  of  cripto~f~  embryo 
and,  thus,  as  concentric  circles  in  cripto~f~  explant,  with  the  anterior  neural  region  in  the  center  of  mutant  explants  and  the  more  posterior  domains  in 
progressive  external  rings.  Abbreviations:  Di,  diencephalon;  IsO,  isthmic  organizer;  Mes,  mesencephalon;  Rhom,  rhombencephalon;  Tel,  telencephalon;  ZLI, 
zona  limithans  intrathal arnica.  The  asterisks  refer  to  regions  in  the  cripto embryos. 


ectoderm  of  cripto mutants  shows  a  similar  expression 
of  the  pan-neural  marker  Sox2 ,  thus  demonstrating  neural 
identity.  Furthermore,  we  used  both  single  and  double 
WISHs  to  reveal  a  coordinated  spatiotemporal  expression  of 
all  the  diagnostic  markers  analyzed  within  the  neural  tissue 
of  cripto~f~  embryos,  identifying  forebrain,  midbrain,  and 
anterior  hindbrain  territories.  Mutually  repressive  interac¬ 
tions  that  occur  in  wt  embryos  between  the  Otx2  and  Gbx2 
or  between  the  Six3  and  Irx3  genes  appear  also  conserved  in 
cripto ”/_  mutants,  since  sharp  boundaries  of  these  expres¬ 
sion  patterns  are  clearly  equivalent  to  the  boundaries  ob¬ 
served  in  control  embryos.  Several  papers  have  demon¬ 
strated  that  the  development  of  delimited  edges  between 
different  domains  is  based  on  the  onset  of  such  molecular 
repressive  interactions  (Garda  et  al.,  2001;  Kobayashi  et  al., 
2002).  Finally,  Wntl  and  Fgf8  expression  in  cripto~f~  em¬ 
bryos,  as  in  wt  embryos,  is  located  at  the  deduced  boundary 
between  Otx2  and  Gbx2  expression  domains.  We  conclude 
that  topological  relationships  among  the  different  anterior 
gene  expression  domains,  and  the  relative  neural  territories, 
are  surprisingly  normal  in  cripto  mutant  embryos,  in  spite  of 
their  extreme  degeneration  and  the  absence  of  both  the  node 
and  primitive  streak. 

However,  in  cripto~f~  embryos,  the  anterior  neural 
markers  are  expressed  distally,  while  more  posterior  neural 
genes  are  expressed  proximally  (Fig.  8),  thus  indicating  that 
the  A/P  axis  of  the  anterior  neuroectoderm  in  cripto~f~ 
mutants  is  oriented  along  the  embryonic  P/D  axis.  In  addi¬ 
tion,  the  specification  and  maintenance  of  anterior  neural 
identities  at  the  distal  tip  of  cripto embryos  suggest  that 
the  head  organizing  activity  is  located  distally  in  these 
mutants.  There  might,  of  course,  be  additional  proximal 


influence  from  the  boundary  between  the  neural  ectoderm 
and  the  extraembryonic  tissues. 

We  used  in  vitro  embryo  culture  to  investigate  the  nature 
(labile  or  stable)  of  the  anterior  regionalization  observed  in 
cripto~!~  mutants.  Both  wt  neural  tube  and  cripto~,~  ex¬ 
plants  preserve  tissue  integrity  and  morphology  during  the 
time  of  in  vitro  culture  and  both  show  normal  reciprocal 
localization  of  the  expression  domains  of  several  regional 
markers.  Therefore,  cripto ~f~  explants,  even  after  24  h  of  in 
vitro  culture,  maintain  anterior  neural  patterning. 

Anterior  neuroectoderm  of  cripto  null  mutants  develops 
domains  that  can  be  characterized  as  the  isthmic 
organizer  and  as  the  ZLI  but  not  as  the  ANR 

The  refinement  of  anterior  neural  patterning  is  due  to 
secondary  organizers,  located  at  discrete  transverse  domains 
of  the  developing  neural  primordium  and  secreting  morpho¬ 
genetic  signals  that  refine  the  identity  of  the  neighbouring 
neuroepithelial  cells  (Echevarria  et  al.,  unpublished  obser¬ 
vations;  Martinez  and  Simeone,  1999).  The  most  studied 
secondary  organizer  is  the  isthmic  organizer  (Martinez  et 
al.,  1991),  which  is  located  at  the  midbrain- hindbrain 
boundary.  In  this  region,  Fgf8  gene  is  expressed  in  corre¬ 
spondence  with  the  contact  area  between  the  Otx2  and  Gbx2 
expression  domains  (Garda  et  al.,  2001).  Fgf8  protein  has 
been  demonstrated  as  being  the  effector  molecule  for  the 
morphogenetic  activities  of  the  isthmus,  controlling  mid- 
brain  and  anterior  hindbrain  regionalization  (Crossley  et  al., 
1996;  Martinez  et  al.,  1999).  There  is  evidence  for  an 
additional  secondary  organizer,  the  ANR,  which  has  been 
implicated  in  the  prosencephalon  regionalization.  The  ANR 
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also  expresses  and  acts  through  Fgf8  (Shimamura  and 
Rubenstein,  1997).  Moreover,  a  third  neuroepithelial  region, 
the  zona  limitans  intrathalamica  (ZLI),  situated  in  the  mid¬ 
dle  of  the  diencephalic  alar  plate  and  related  to  the  alar  Shh 
expression  (Rubenstein  et  al.,  1994,  1998),  has  recently 
been  proposed  as  an  organizing  center  (Echevarria  et  al., 
unpublished  observations).  In  the  mouse,  the  ZLI  presump¬ 
tive  domain  has  been  identified  in  the  neural  plate  by  Fgf8 
inductive  experiments,  even  earlier  than  the  onset  of  Shh 
expression  (Shimamura  and  Rubenstein,  1997).  From  a  re¬ 
cent  work  by  the  Shimamura  group,  it  can  be  deduced  that, 
at  least  in  the  chick  embryo,  the  ZLI  is  specified  in  the 
contacting  domains  of  Six3  and  Irx3  expression  (Kobayashi 
et  al.,  2002). 

Our  data  demonstrate  that  cripto  null  mutants  develop 
the  molecular  pattern  that  characterizes  the  isthmic  orga¬ 
nizer  (Martinez,  2001;  Wassarman  et  al.,  1997;  Wurst  and 
Bally-Cuif,  2001).  In  fact,  cripto “/“  embryos  express  FgfS 
in  a  sharp  band  at  the  boundary  between  Otx2  (forebrain  and 
midbrain)  and  Gbx2  (anterior  hindbrain)  domains,  caudally 
to  the  Wntl  expression.  On  the  other  hand,  cripto  null 
mutants  do  not  show  any  additional  Fgf8  expression,  sug¬ 
gesting  the  absence  of  the  ANR,  which  in  control  embryos 
arises  at  the  junction  between  the  most  rostral  part  of  the 
neural  plate  and  the  non-neural  ectoderm.  We  hypothesize 
that  the  absence  of  the  ANR  in  cripto ~/_  embryos  might  be 
due  to  the  failure  in  the  differentiation  of  non-neural  ecto¬ 
derm  at  the  distal  embryonic  tip,  which  has  been  shown  to 
express  the  pan-neural  marker  Sox2.  Finally,  although 
cripto~! ”  embryos  fail  to  express  Shh  (Ding  et  al.,  1998; 
and  data  not  shown),  they  maintain  the  normal  close  and 
sharp-bounded  expression  domains  of  Six3  and  Irx3  genes, 
suggesting  that  the  ZLI  presumptive  domain  might  normally 
develop  in  cripto~f~  mutants.  The  absence  of  Shh  expres¬ 
sion  in  cripto embryos  could  be  due  to  the  lack  of 
unknown  additional  mechanisms,  including  time. 

The  node  and  its  derivatives  might  be  dispensable  for  the 
maintenance  of  a  regionalized  anterior  neural  plate 

There  has  been  a  long-standing  controversy  on  the  dif¬ 
ferent  roles  to  attribute  to  the  node  (and  its  derivatives)  and 
the  AVE  in  the  ANP  development.  In  fact,  most  of  the  genes 
that  have  been  implicated  in  the  formation  of  the  ANP,  such 
as  Liml,  Hesxl,  Otx2 ,  and  nodal ,  are  expressed  in  both 
AVE  and  node  derivatives  (reviewed  in  Beddington  and 
Robertson,  1998,  1999).  cripto  expression  has  been  located 
in  the  forming  mesoderm  and  primitive  streak  but  has  never 
been  detected  in  the  VE.  The  intrinsic  value  of  cripto  null 
mutants  is,  therefore,  that,  unlike  the  other  null  mutants  that 
lack  the  node  and/or  its  derivatives,  cripto~f~  embryos 
present  a  presumably  normal  VE.  cripto~f~  embryos,  thus, 
provide  an  appropriate  mouse  mutant  model  to  investigate 
whether  and  to  which  extent  the  AVE  can  mediate  both  the 
ANP  regionalization  and  maintenance  of  anterior  neural 
identity.  Our  molecular  analysis  of  cripto~f~  phenotype 


shows  for  the  first  time  that  cripto  mutant  embryos  express 
diencephalic-  and  isthmic-specific  markers.  Interestingly, 
we  have  observed  that  all  the  genetic  expression  domains 
appeared  in  a  topologically  ordered  manner,  just  as  we  can 
detect  in  the  neural  tube  of  control  embryos.  This  cripto "/" 
anterior  neural  patterning  is  conserved  after  24  h  of  in  vitro 
culture.  We  propose  that  the  persistence  of  ANP  regional¬ 
ization  in  the  absence  of  the  node  and  its  derivatives  may  be 
the  result  of  AVE  morphogenetic  activity.  Since  the  AVE 
has  been  shown  to  fail  to  move  anteriorwards,  rather  it 
persists  at  the  distal  tip  of  cripto~t~  embryos  (Ding  et  al., 
1998),  we  therefore  speculate  that  the  signals  emitted  by  the 
AVE  provide  neuroectodermal  cells  with  the  positional  in¬ 
formation  necessary  for  the  ANP  regionalization.  Therefore, 
even  from  its  ectopic  distal  location,  the  AVE  might  induce 
a  concentric  regionalization  in  the  mutant  “neural  sac.” 
However,  we  cannot  exclude  the  possibility  of  an  organizer 
activity  in  the  proximal  epiblast  or  at  the  boundary  between 
the  epiblast  and  the  extraembryonic  regions  (see  Foley  et 
al.,  2000;  Streit  et  al.,  2000),  despite  the  absence  of  both 
morphological  and  molecular  evidence  of  primitive  streak 
and  node  (Ding  et  al.,  1998;  and  our  unpublished  results). 
Thus,  a  proximal  organizer  might  cooperate  with  the  AVE 
to  develop  the  proximodistal  regionalization  pattern  of  the 
ANP  in  cripto  mutants. 

We  draw  attention  to  two  further  aspects  of  our  work. 
First,  the  detection  of  the  radial  symmetry  in  cripto  mutants, 
which  fail  to  gastrulate,  let  us  speculate  that  the  phenome¬ 
non  of  gastrulation  might  be  an  evolutionary  requirement 
for  A/P  axis  and  bilateral  symmetry  development  in  a  pre¬ 
viously  radially  organized  embryo.  Second,  the  presence  of 
the  Bfl,  Six3,  Pax6,  Nkx2.1 ,  and  Nkx2.2  transcripts  in  the 
distal  region  of  cripto  mutants  indicates  that  expression  of 
anterior  neural  markers  does  not  strictly  require  ANR  or  Shh 
expression  in  the  ZLI.  Since  previous  analysis  on  gene- 
inducing  abilities  of  the  ANR  and  of  Shh  has  instead  shown 
their  involvement  in  the  control  of  Bfl  and  of  Nkx2.1  and 
Nkx2.2  expression,  respectively  (Barth  and  Wilson,  1995; 
Pabst  et  al.,  2000;  Pera  and  Kessel,  1997;  Shimamura  and 
Rubenstein,  1997),  our  data  point  to  the  existence  of  addi¬ 
tional  and  still  unknown  mechanisms  that  regulate  gene 
expression  patterns  inside  the  developing  CNS. 
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